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An investigation has been carried out to determine the factors 
controlling the wear characteristics of disc poppet valves in 
reciprocating slurry pumps used in the transportation of 
quartzite slurries. A laboratory test rig has been designed 
and built which closely simulates the operating conditions 
experienced by slurry pump valves. 
Experiments have been conducted to determine the effect of the 
design parameters, namely - slurry constitu~ion, valve closure 
velocity and valve angle, on the wear resistance of a low 
alloy steel, as a function of its mechanical properties. 
It has been shown that the wear of the valves is a sensitive 
function of the operating parameters. Significant improvements 
in the life of the valves can be achieved through increasing 
material hardness, reducing valve closure velocity, slurry 
density·and valve angle. 
A detailed study has been ·made of the mechanisms contributing 
to valve wear. It has been established that both percussive 
impact and three body abrasion wear mechanisms predominate. 
The influence of each mechanism has been shown to to be a 
function of the slurry constitution and the material hardness. 
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The hydraulic filling of stapes in deep level mines with 
comminuted waste slurries, is regarded as an attractive means 
of controlling the convergence of stapes, absorbing energy 
released from the surroundings and increasing the percentage 
extraction of gold.from wide reefs (45). · 
The Chamber of Mines Research Organization (COMRO) is 
currently developing a backfilling system for deep level South 
African gold mines. The concept of backfilling essentially 
involves the communi tion of waste rock underground and its 
return by hydraulic transport to the working face or stope to 
provide underground support, so improving mining conditions. 
Although hydraulic stope filling or backfilling has been 
practiced in other parts of the world for at least 25 years, 
it had not been used to a large extent in South ~frica prior 
to 1977 (81). The reason primarily was that the technology 
required to pump the high concentration slurries, which 
developed the high backfill strengths in the stapes, was 
inadequate. 
The comminuted waste rock consists primarily of quartzite 
which has been crushed to a diameter of'6mm or less. Water is 
then added to the crushed rock to produce a slurry which 
consists of 3 approximately 80 per cent solid (specific gravity of 2.1 g/cm ) by mass. The viscous slurry is pumped at high 
pressure and low velocity for distances of over a kilometer. 
The high pressure gradients necessitate the use of high 
pressure reciprocating slurry pumps. 
Schwing positive displacement or reciprocating slurry pumps, 
originally designed to pump concrete, are used to pump 
backfill slurries. The Schwing valve assembly is illustrated 
in fig.1. 
The Schwing slurry pump is an hydraulically powered twin-
cylinder reciprocating pump. The slurry flow is controlled by 
means of disc poppet valves. Each pumping cylinder has one 
suction and one pressure valve. The poppet valves are actively 
controlled, being operated in such a manner that on the side 
of the intaking piston the suction valve · is opened and the 
pressure valve is closed. During the pumping stroke the 
suction valve is closed and the pressure valve open. At the 
end of a stroke, reversal of the valves ideally takes place in 
such away that the formerly open valves are closed before the 
closed valves are re.-opened. 
- 2 -
Fig.1 · Cast Schwing valve housing showing the positions of the pressure valve (a) and 
suction valves (b). 
Although similar pumps are used abroad to pump backfill 
(19,46), it would appear that the service-life of valve bodies-
and discs in South Africa is considerably lower due to .the 
highly abrasive nature of the quartzite slurry. Experience to 
. date has shown that the useful life of the valve poppet and 
seat can be as low as 30 hours, corresponding to 700 tonnes of 
dry solids (6). A valve is usually classified as a failure 
when an excessive loss in pumping pressure occurs due to 
improper sealing of the worn valve. The delivery or pressure 
valves reportedly wear much faster than the suction valves. An 
example of a pressure valve failure can be seen in fig.l.l 
where both abrasive and erosive wear are evident. 
Abrasive wear is caused when particles are trapped between the 
valve poppet and the seat on valve closure. The hard particles 
indent the valve material leading to surface deformation and 
material removal. An extensive investigation of the pressure 
valve by Barnett (9), concluded that the particularly severe 
preferential wear of the · pressure valve was caused by a 
stationary bed of abrasive quartz at the base of the valve 
which became trapped between the poppet and seat on closure. 
This uneven wear, coupled with the high differential pressures 
across the valve, caused slurry to flow rapidly through the 
gap which formed, · resulting in flow erosion of the valve 
material. 
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Fig.1.1 A typically worn pressure valve showing both abrasive and erosive wear. 
Since the high wear could be attributed to the valve 
orientation, Barnett suggested that the problem could be 
remedied by redesigning the valve chamber so that none of the 
valves closed in the horizontal plane. It was also established 
by Barnett that the suction valve in contrast to the pressure 
·valve only suffered general wear. Consequently it was decided 
to simulate the operation of this valve in a laboratory test 
rig in order to study the parameters affecting wear rate and 
to facilitate a better understanding of the wear mechanisms. 
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2. AIMS AND OBJECTIVES 
The general aims of this research programme of work were to 
establish the important operating parameters controlling the 
life of disc poppet valves in a Schwing pump used in the 
transportation of quarfzite slurries, and to correlate the 
valve wear resistance with microstructural parameters. The 
overall objective was to suggest modifications to the design 
of reciprocating or positive displacement pumps to maximize 
wear resistance. 
The specific objectives were to: 
( i) Establish the effects of different design parameters, 
namely slurry constitution, valve closure velocity and 
valve geometry on the wear of disc poppet valves. 
(ii) Ascertain the wear mechanisms. 
(iii) Investigate the effect of valve hardness on wear. 
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3. LITERATURE REVIEW 
3.1 Introduction 
In addition to the high wear rates which are typically 
experienced in slurry pipelines as a result of the 
transportation of the highly abrasive quartzite slurries, 
severe wear is also experienced in valves, pistons and 
cylinder liners of the reciprocating slurry pumps. An 
extraordinary number of basic wear modes have been 
identified by Miller ( 46) acting either individually or 
in combination during the pumping of slurries. 
However it was established by Barnett ( 9) that 
predominant wear modes responsible for wear 
poppet valves in reciprocating slurry pumps are 




Although the wear of disc poppet valves by quartzi tic 
slurries is a specific problem, an examination of 
fundamental wear knowledge from research by others can 
significantly contribute to the interpretation of test 
results and ultimately lead to a better understanding of 
the problem. 
3.2 Abrasion 
A broad range of definitions exist for abrasive wear but 
probably the most useful is the one proposed by McQueer 
(44) in her discussion, which states that abrasive wear 
should be regarded as any damage or alteration occurring 
at the surface of a solid component, due to the relative 
motion across that surface of particles capable of 
cutting or grazing it. 
This definition not only considers the removal of 
material by the mechanical action of the abrasive but 
draws attention to the fact that other surface damage or 
changes in the surface layers as a result of exposure to 
an abrasive environment should also be considered. Such 
alterations include plastic deformation, phase changes 
and recrystallisation, which, while not causing the loss 
of surface material directly, interact with the 
mechanisms which produce such loss. Resistance to 
abrasive wear is not an intrinsic material property but 
is dependent upon the variables in the system. The 
response to abrasive wear depends on the interaction of 
material properties, the properties of the abrasive and 
the environmental conditions (63). 
3.2.1 Classification of·Abrasive Wear 
Abrasive wear processes are traditionally divided into 
two groups namely two body and three body abrasive wear 
according to Finnie and Misra (47,48). 
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Two body ·abrasive wear occurs when a rough surface or 
fixed abrasive particles move relative to a second 
surface resulting in damage to that surface. In contrast, 
three body abrasive wear arises when loose abrasive 
particles capable of ~oving freely relative to one 
another cause damage to the wearing surface. The loose 
abrasive particle trapped between the two surfaces 
constitute the three bodies in the later case. 
Finnie and Misra ( 4 7) maintain that two ·body abrasive 
wear is a relatively clearly defined process in contrast 
with three body abrasive wear where several subdivisions 
may arise. In three body abrasion, two surfaces are not 
necessarily required as they may be so far apart that the 
mechanical properties of one surface have no influence on 
the wear of the other. Three-body abrasive wear was thus 
classified as being either "closed" or "open". 
Closed three body abrasive wear occurs when loose 
abrasive particles are trapped between two sliding or 
rubbing surfaces which are relatively close to one 
another. In this type of wear, particles may indent or 
embed into the softer surface. Embedded particles may 
subsequently cause wear of the other harder surface 
through two body abrasion. 
Open three body abrasive wear occurs when the two 
surfaces are far apart or when only one surface is 
involved in the wear process. Finnie and Misra (47) used 
Avery's (3) classification to further subdivide open 
three body abrasion into three categories: 
1) Gouging: A condition in which coarse abrasive 
particles cut deep into the wearing 
surface with considerable force, 
producing deep gouges and removing 
macroscopic particles from the surface. 
2) High stress: This occurs when two wearing surfaces 
(e.g. grinding balls and the liner of a 
ballmill) come together in a gritty 
environment with enough mechanical force 
to crush the abrasive particles 
entrapped between them. 
3) Low stress: This is defined as a condition in which 
the stresses imposed on the abrasive 
particles do not exceed the crush1ng 
strength i.e. particles are transported 
along the surface with a rolling or 
sliding action. 
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This classification of abrasive wear is summarized below, 
Abrasive wear closed I 
two body 
three body gouging 
open high stress 
low stress 
However care should be exercised when attempting to 
classify the abrasive wear since it is possible that a 
combination of more than one type of abrasion may be 
responsible for the actual wear of the component in 
service. 
An additional problem exists with the above 
classification of abrasive wear, because consensus 
regarding the definition of three body and two body wear 
has not been reached. Misra's (47) classification of open 
low stress three body abrasion for instance is equivalent 
to two body abrasive wear as defined by Eyre (17). 
A comparison should not be made on the basis of the 
classification system alone since each wearing system is 
unique. Instead, a classification should only be 
attempted after careful' assessment of both the internal 
and external variables governing the wear process . 
. 3 .. 2. 2 Models 
Mathematical models of abrasion are necessarily 
oversimplifications of a very complex process and are 
used to predict the effect of certain variables on the 
wear process. 
Consider an abrasive 
across the surf ace of 
fig.3.i. According to 
occur namely : 
particle in contact and moving 
a ductile material as shown in 
Moore (55) two major processes 
1) The formation of grooves i.e the material is displaced 
laterally to form ridges. No direct mat.erial removal 
occurs. 
2) The separation of material in·the form of primary wear 
debris or microchips. 
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LOAD 
Fig.3.1 A simple model of abrasive wear (53) 
A model for abrasive wear resistance similar to that used 
by Khruschov· (34) in his pioneering work was later used 
by Rabinowicz, Dan and Russell (64) to predict a linear 
relationship between hardness and wear resistance for 
commercially pure and annealed metals (fig.3.2). The wear 
rate is described by the equation, 
dV = L(tane) 
dS 'ITH 
· where H - hardness. of material 
dV - volume removed 
dS - relative movement 
L - load 
. . . . . . . . 3 .1 
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Fig.3.2 Schematic illustration of a conically ended grain which removing material from a 
metal surface (64). 
Earlier Khruschov and Babichev (34) had postulated that 
for heterogeneo~s materials such as steels, the wear 
resistance was proportional to the volume fraction of the 
ind-ividual components, 
where 
• • • • • • • • • 3. 2 
a and p are volume fraction of phases c1 and. c2 having bulk wear resistance c 1 and ' 
e2 respectively . 
This inodel fails to explain why materials of the same 
hardness have different wear properties under similar 
conditions, nor does it describe why steels exhibit a 
lower wear res-istance than pure metals. 
Larsen-Badse and Mathew (39) modified equation (3 .1) in 
an effort to include the effects of work hardening. They 
proposed the equation, 
Where € abrasion resistance 
H hardness of the material 
c is constant 
• • • • • • • • • 3 • 3 
n· normal strain exponent from truejstrain 
curve 
Mutton and Watson (59) identified a problems with 
equation ( 3. 3) . It is assumed that all metals can be 
fitted equally well to a single stress strain curve. 
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Mutton and Watson (59) identified a problem with equation 
(3.3). It is assumed that all metals can be fitted 
equally well to a single stress strain curve. 
Probably the best model to date, . is the model presented 
by Moore (53), which shows that" for a number of 
successive particles the volume removed may be 
represented by the following equation, 
3.4 
Thus the volume of material removed during abrasion 
depends on the variables in the equation .(3.4) which can 
be classified into three main.groups: 
Material properties : K1 - The proportion of groove volume removed 
H - Hardness of the material 




- The proportion of 
abrasive particles 
making contact with the 
surface 
- abrasion path length 
- The applied load per 
unit area· 
The most recent models have attempted to link wear 
mechanisms to various microstrutures and properties, but 
have achieved only moderate success (24,~0). 
The inability of these simp~e models to explain the 
results for heat treated steels and the contradictory 
nature of some of the models, suggest that abrasion 
resistance is not an intrinsic mechanical property and 
therefore it cannot be modelled by a simple mathematical 
model. The entire tribological system must be considered. 
3.2.2 Material Properties influencing abrasive wear 
3.2.2.1 Hardness and Composition 
The hardness of the abraded material is generally 
considered to be the most important parameter in the 
selection of an alloy because it controls the depth of 
penetration of the abrading particle (23,25,58). 
It was Khruschov (34), in his pioneering work, who 
established that the relative abrasion wear resistance 
(Px/V) was proportional to the bulk hardness of pure and 
annealed metals. Khruschov (35) later extended his work 
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(fig.3.3). This work was further extended to include sand 
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Fig.3.4 Heat treated steels subjected to wear by sand slurries (35). 
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Khruschov (34) reached the following conclusions: 
1. At a given hardness, the wear resistance of a heat 
treated steel is significantly less than that of a 
pure metal of eqUivalent hardness. 
2. As the carbon content of the steel is raised the wear 
resistance versus hardness curve is displaced to 
higher values of wear. 
Several researchers extended the investigation of 
abrasive wear properties to commercially pure annealed 
metals and carbon steels (35,38,69). 
Mutton and Watson (59) showed (fig.3.5) that the 
relationship between wear resistance and hardness for 
different steels is better described by a series of 
sigmoidal curves and suggested that the relatively low 
slope obtained for carbon steels is not simply related to 
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Fig.3.5 Wear resistance as a function of hardness for three quenched and tempered steels 
(59). 
Since it is well established that abrasive wear · · 
resistance is a function of the particle abrasivity (45), 
reference should not be made directly to material bulk 
hardness but to relative ·hardness (Ha/H) i.e. the ratio 
of the abrasive hardness (Ha) to that of the wearing 
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material :· (H). Elkholy ( 16) clearly took cognizance of 
this when he plotted his slurry abrasive test results 
(fig. 3. 6). His results compare favorably with those of 
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Fig.3.6 Relative hardness (Ha/H) vs. mass loss for a 
number of quench and tempered steels in sand 
slurries (16). 
A number of workers including Richardson (69) have 
attempted to explain the deviation in the wear resistance 
curve for steels by relating it to surface hardening 
characteristics rather than bulk hardness but they have 
experienced only moderate success. 
Prasad and Kulkarini ( 62) have concluded that neither 
hardness nor morphological characteristics alone can 
explain abrasive wear resistance and that it would be 
better to consider a broader range of mechanical 
properties. 
3.2.2.2 Work hardening 
According to Angus (2) it is not the initial bulk 
hardness which is important but rather the hardness of 
the work hardened surface· layer. However Khruschov and 
Babichev ( 34) showed that wear resistance is relatively 
independent of prior cold working. They proposed that 
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this was because the material reached a limiting hardness 
and flow stress during abrasion, irrespective of any ·work 
hardening applied previously. Richardson ( 68) also 
studied the effects of prior cold working on metals but 
could not find a satisfactory relationship between wear 
resistance and strained surface hardness. 
Moore and Richardson (50) ascribed the limiting strength 
of the worn surface to the microstructure and the 
addition of alloying elements. Zum-Gahr and Mewes ( 87) 
showed that the abrasive wear resistance is proportional 
to the shear strength of the abrading surface, which 
explains why a better correlation between abrasive wear 
resistance and hardness of the worn surface has been 
found experimentally. 
Garrison ( 23) related the mechanism of material removal 
to the work hardening capacity (fig.3.7). He illustrated 
with reference to pile up geometry that material is more 
easily ploughed in an alloy with a low work hardening 
capacity ( n) . This is in agreement with Ball ( 5) who 
argued that the optimal alloy is one with a moderate 
yield strength but a high work hardening capacity. 
111) lbl 
low 71 high ., 
Fig. 3. 7 The effect of workhardening capacity on the 
pile ·up geometry of a steel (23). 
3.2.2.3 Properties of the wearing Material 
Although hardness is an important parameter, it is not 
always true that the hardest material offers the most 
wear resistance. It is therefore important to consider 
other metallurgical variables which influence wear 
resistance. Various attempts have been made to relate 
wear resistance to other properties including Young's 
modulus and yield strength. However these relationships 
are no better than those related to hardness. This is not 
surprising according to Eyre (17) because all mechanical 
properties are related. Allen, Protheroe and Ball (5) 
suggest that the microstructural approach to wear 
- 15 -
of abrasion resistance than those based only on simple 
mechanic~! properties such as hardness. 
Moore (52) divided the role of microstructure in abrasive 
wear into two major effects: 
1) Bulk properties 
2) Inclusions 
- this includes bulk matrix 
structure and grain size 
- i.e. distribution of dispersed 
phases, their coherency, size, 
shape and hardness 
It is generally recognized that most ferrous martensi t.ic 
materials exhibit abrasive wear resistance superior to 
ferritic, pearlitic or bainitic materials. Moore (52) has 
shown that it is the structure that determines the 
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VICKERS HARDNESS 
Fig.3.8 Effect of structure, heat treatment and alloy content. _on the wear of steels ( 
Worn on 90~ Al 0 abrasive, 1 MN/M 2 applied Load) (52).· 
2 3 
Additions of alloying elements can improve hardenability 
and hence wear resistance if they alter the microstucture 
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~ignificantly (31,70). Increasing the carbon content 
1ncreases the hardenability, bulk hardness and volume 
fraction-of alloy and iron carbides. Abrasion resistance 
decreases after the addition of more than 1% carbon (22). 
The addition of chromium to steel improves both strength 
and toughness but has only a moderate effect on abrasive 
wear resistance (37). The addition of molybdenum may 
reduce the severity of temper embrittlement, during heat 
treatment, which sharply reduces fracture toughness and 
wear resistance in Fe-Cr-Mn-C alloys, as continuous films 
of high carbon interlath retained austenite transform to 
iron carbide and thus promotes unstable crack 
propagation. At higher tempering temperatures carbides 
continue to grow and eventually spheroidize, resulting in 
a reduced stress concentration and hence a reduction in 
the crack tendency (13). The addition of manganese 
decreases the interlamellar spacing in pearlite resulting 
in an increase in the impact and fracture toughness 
without a loss in strength which in turn results in 
improved wear resistance. 
Several investigators have observed that retained 
austenite appears to enhance wear resistance in -steels 
( 22) . Kar ( 3 0) studied a series of secondary hardening 
steels, and found bainitic microstructures containing a 
substantial amount - of retained austenite, generally 
exhibited better wear resistance than quenched and 
tempered microstructures at similar hardness levels. 
Khruschov (34) suggested that the lower wear resistance 
of quenched and tempered steels may be related to the 
presence of high internal stresses in the quenched steel, 
which contributes to their poor fracture toughness 
.compared to baini tic structures containing retained 
austenite. 
Kwok and Thomas (37) ascribed the enhancement of wear by 
the retained austenite to: 
1. The transformation induced plasticity (TRIP) of 
austenite to martensite which can absorb energy for 
fracture and produce local compressive stresses that 
impede microcrack formation. 
2. The presence of a ductile austenite film between the 
martensite laths discouraging microcrack nucleation 
and propagation. 
3. An increase in the work hardening coefficient (n) 
through TRIP. 
4. The retention of retained austenite at lath boundaries 
preventing brittle lath boundary carbide formation. In 
the case of low carbon steels the distribution and 
morphology of retained austenite may be more important 
than the relative amount present. 
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Salesky and Thomas (73) have suggested that a high 
strength/toughness microstructure such as an austentic-
martensi tic microduplex structure is the optimum steel 
for reducing wear, which is agreement with Fogel (37). 
Most engineering materials used in abrasive wear 
environments, have structures of ·hard carbides in either 
hardened or soft matrices. 
The carbides in the microstructure of the metal should be 
harder than the abrasive and the matrix should be strong 
enough to support the carbides and prevent fracture. In 
low stress abrasion, the presence of massive carbides 
(harder than the abrasive) in the matrix of martensite is 
preferable to a carbide-free martensitic structure of 
similar bulk hardness (2). Larsen-Badse and Mathew (39) 
found that a finely dispersed hard phase influences the 
flow stress of the material and thereby increases the 
abrasion resistance according to a Hall-Fetch type 
relation (i.e. the abrasion resistance is inversely 
proportional to the square root of the distance between 
the dispersed particles). They conclude that coarse 
particles only contribute to abrasion resistance because 
they directly offer a hard surface. Thus ideally a fine 
distribution of spherical carbides is required for 
abrasion resistance. However the nature of the 
carbidejmatrix interface bond · controls the wear 
resistance (30). 
The coherency between precipitates and matrix increases 
as the shape of the carbides change from spheroids to 
needles, which resist pullout most efficiently but 
produce planes of weakness in the bulk material leading 
to macro-fracture an~ spalling (44,62). Thus a high 
volume of fine acicular cohe-rent carbides strongly bonded 
to the matrix will improve abrasive wear resistance. 
Fogel (22) notes that a too high volume fraction can have 
adverse effects. 
Sare (74) concludes that the wear rate is a balance 
between carbide removal and matrix removal, the slower of 
the two governing the overall wear rate. In low-stress 
abrasion, the carbides will retain sufficient support to 
resist pullout and fracture as preferential wear of the 
matrix will be slight, and gradual attrition of the 
carbides will thus control the wear rate. Preferential 
wear of the matrix becomes more significant under high-
stress conditions, and carbides will more easily be 
pulled out and fracture - implying. that the removal of 
the matrix governs the wear rate. 
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3.2.3 Abrasive Characteristics 
3.2.3.1 Abrasive hardness 
It has been well established that a material must be 
significantly softer than an abrasive if it is to wear to 
any extent. Richardson ( 69) showed that, for many 
combinations of metals and abrasives, abrasive wear 
decreases rapidly when the abrasive hardness is less than 
1.25 times the hardness of the metal, H i.e. the relative 
hardness Ha/H must be greater than 1. 25 for substantial 
wear to occur. Torrance (80) showed by applying a simple 
slip line field model to the abrasive metal contact, that 
abrasive wear should become significant when Ha/H ~ 1.16 
and should increase rapidly to a maximum and level out 
when Ha/H ~ 1.26. This result was verified experimentally 
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Fig.3.9 Wear rate as a function of abrasive hardness (Ha) for AISI 4340 steel quenched 
and tempered at 2QO•c, and abraded by 250~ size particles (48). 
Richardson (70) reported that scratching of a material by 
an abrasive continues even when the relative hardness 
(Ha/H) drops below unity and only ceases when the flow 
stress of the the material equals that of the abrasive. 
It was generally found that for a relative hardness of 
Ha/H >2, the relative wear resistance was almost 
independent of hardness of the metal matrix (fig.3.10). 
In martensitic steels the presence of carbides increased 
the wear resistance but this effect was suppressed with 
harder abrasives. It was Moore (52) who reported that 
wear resistance is almost independent of particle size 
when relative hardness is less than 1.2, and is sensitive 
to particle size when Ha/H is greater than 1. 2. This 
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effect was ascribed to blunting and fracture of abrasive 



























10-2~------~~------_. ________ _. 
0,01 0,1 1 10 
HARDNESS ABRASIVE I HARDNESS WORN SURFACE 
Fig.3.10 The effect of relative hardness (Ha/H) on a metallic material by a range of 
different abrasives (70). 
3.2.3.2 G~ometric properties 
It is generally agreed·that in addition to hardness, the 
size and shape of the abrasive particle are important 
factors influencing abrasion wear rates. 
It has been found typically that volume wear is greater 
for coarse abrasives (43,48,64). The observed decrease in 
the abrasion rate with decreasing abrasive particle size 
below some critical size, which is generally considered 
to be about 10·0 microns, is termed the size effect. Above 
the critical size the abrasion rate is approximately 
constant (fig.3.11), although some studies have shown an 
increase in abrasion rate with size above the critical 
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The ·effect of particle size of an alumina 
abrasive on different metal surfaces (52). 
It has been suggested that the surface layers 50-lOOJ.tm 
thick work harden more than the bulk of the material. 
Thus when small particles abrade the surface, they only 
influence the workhardened layer and thus encounter much 
harder material than do larger particles which will 
deform the material to a greater depth. After some 
critical particle size, the influence of the outer 
workhardened layer will be slight, and thus there will 
only be a small increase in wear rate for a further 
increase in particle size (49,64). 
When the ratio of material hardness to the abrasive 
hardness exceeds unity, blunting of the abrasive by 
plastic flow can occur. Whilst plastic flow tends to 
blunt the abrasive, fracture may well regenerate cutting 
facets. The probability of an abrasive having a suitably 
oriented defect increases with particle diameter and 
load. These larger particles are more likely to fracture 
than fine or lightly loaded abrasive particles. 
Moore (51) also attempted to explain the increase in wear 
with particle size. He concluded that greater loads are 
carried by fewer particles and as a result wear is more 
severe. 
The shape of the particle rather than the size determines 
wear rates, as oniy a fraction of the abrasive particles 
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according to Vingsbo {83) which is in agreement with Wang 
( 84) • 
Abrasivity of a particle has been defined by Miller (45) 
as being a function of hardness and shape of the abrasive 
particles. He has developed an ASTM standard known as the 
Miller number to classify slurries according to 
abrasivity. 
It is generally agreed that particle shape and size have 
a significant effect on the material removing mechanism. 
3.3.3.2 Concentration 
Elkholy ( 16) has found that wear increases with 
increasing solid particle concentration and . with 
increasing abrasive particle size for sand slurries. He 
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Fig.3.12 The concentration/wear relationship for a range of particle sizes in a sand 
slurry <16). 
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3.3.3 Mechanisms of abrasive wear 
Wear mechanism is the collective name for micro events, 
by which wear occurs ( 83 ) • The interaction between an 
abrasive and a wearing surface can be divided into four 






In the ideal case microploughing due 
to a single pass of one abrasive 
particle does not result in any 
detachment of material from a wearing 
surface. A prow is formed ahead of 
the abrading particle and material 
within the wear path is plastically 
deformed and pushed to both sides of 
the wear groove. 
When volume loss occurs in micro 
ploughing due to the action of many 
abrasive particles or repeated action 
of a single particle it is known as 
microfatigue. Material may be 
ploughed aside repeatedly by passing 
particles and may break off by a low 
cycle fatigue ( microfracture) • · In 
practice, wear in this situation 
would probably occur through a 
mechanism of delamination (78). 
Microcutting results in a volume loss 
by chips, equal to the volume of wear 
grooves. The grooves are sharply 
defined and the chips usually 
resemble machining chips. Total 
removal of this sort gives rise to 
the most severe rate of abrasive wear 
in ductile materials. 
This occurs when highly concentrated 
stresses are imposed by abrasive 
particles, particularly on the 
surface of brittle materials. In this 
case wear debris is detached from the 
surfaces due to crack formation and 
propagation. 
In ductile materials microploughing and microcutting are 
the dominant wear mechanisms. When the hardness of the 
abrasive is much higher than that of the specimen, 
microcutting is the predominant wear mechanism (86). 
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Fig.3.13 Physical interaction between abrasives particles and the surface of materials. 






demonstrated the nature of deformation 
during ploughing by sliding indentors against 
made up of laminae of different colour 
(fig.3.14), which correlated well with the 
deformation actually observed in metals. 
Fig.3.14 Sketch showing the nature of deformation during ploughing (77). 
Murray, Mutton and Watson (58) explained the sigmoidal 
behaviour of heat treated steels observed earlier by 
Mutton and Watson (59), in terms of a transition in wear 
mechanisms from a predominantly ploughing mode to a 



















Fig.3.15 Three possible relationships between hardness and wear resistance predicted by 
_consideration of ploughing, cutting and spall ing mechanism of groove formation. 
The-dotted curve shows the transitional behavior formed for steels (58). 
Murray, Mutton and Watson (58) have shown that, as the 
hardness of a steel is increased, the number of particles 
~uitably deposed to cause cutting or machining, 
1ncreases. They therefore suggest that in the fully 
annealed state, steels behave in a similar manner to pure 
metals displaying a wear mechanism that is predominantly 
ploughing, while in the fully hardened condition wear 
takes place predominantly by cutting (32). This result 
has been confirmed by Hokkirigawa and Li (25). They show 
that the degree of cutting increased with an increase in 
hardness, but that the critical degree of penetration for 
the transition between ploughing mode and wedge-forming 
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Opt - critical degree of penetration which corresponds to the transition 
from ploughing mode to wedge forming mode. 
·op2 - critical degree of penetration which corresponds to the transition 
from wedge forming mode to cutting mode. 
Fig.3.16 The transition in wear mode with degree of penetration and attack angle (25). 
3.3.4 Effect of sliding velocity 
The effect of velocity on wear against fixed abrasive is 
associated with the wearing material's dynamic properties 
through strain rate sensitivity, resulting in changes in 
the wear mechanism (61). Velocity . variations may also 
cause the particle loading to change, either through 
contacting particle flow dynamic effects or through 
larger range effects associated with strain rate 
stiffeningof theabrasive medium. 
In spite of the importance of velocity in abrasive wear 
there is very little quantitative information in the 
literature for velocities exceeding lmjs. Moore and 
Mclees (54) have compared their results with other 
workers and found that there is an applicable increase in 
wear from speeds of 0.25 to 2mjs. 
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3.4 Impact Wear 
Engel ( 15) has defined impact wear as the mechanical 
damage to the surface of solid bodies resulting from 
repetitive impacting by particles, as either erosive or 
percussive wear. Erosive wear results from the action of 
a stream of small solid particles and/or liquids, whilst 
percussive wear is caused by solid body impact. This 
review will consider the latter type. Rabinowicz ( 65) 
noted that since both processes invo·l ve dependencies on 
the energy of incidence, the erosion mechanism may aid in 
the understanding of impact wear where overlaps occur. 
3.4.1 Classification of Impact Wear 
Impact wear is caused by ·repetitive solid body 
interaction and can be divided into near-surface and sub-
surface phenomena (41). 
Sub-surface phenomena are typified by high energy 
impacting, dominated by a large normal velocity. The 
contact stress (a0 ) in relation to the yield stress a of the material in compression, is very much greater ¥han 
unity i.e aolay < 0 . 
Near surface or surface phenomena are characterized by 
low energy oblique impacts in which frictional effects 
are more influential. Low energy impacts result from 
impacts when a0 /ay < 1 . 
3.4.2 Mathematical Model of Impact Wear 
Few attempts have been made to model the impact wear 
process. Most workers have limited their · studies to 
experimental aspects, supported by empirically derived 
relationships based on the conservation of energy and 
momentum and measured wear characteristics (41). 
The first systematic study of percussive impact wear was 
carried out by Wellinger and Breckel who suggested that 
wear from solid particle impingement could- be regarded as 
the result of independent normal and horizontal impact 
forces equal to the components of the actual impact (15). 
According to the model, a material exhibited a weight 
loss, W, proportional to the normal approach velocity, V, 
Where N 
K,cp 
W = NKV_cp • • • • • • • • • 3". 5 
is number of cycles 
are material and geometric constants 
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Engel (14) utilized a zero wear criterion on the basis of 
the amount of wear necessary to halve the initial surface 
roughness. The Engel model shows a strong dependence on 
the applied forces and, in the case of contacts that 
produce relative slip during impact, on the role of 
sliding speeds and distances • 
Hutchings (27) developed a model based on the criterion 
of critical plastic strain to explain several features of 
impact of metals by spherical particles at normal 
incidence. 
A limited number of models have considered oblique angles 
of incidence. Recent workers have attempted to relate 
crater volume to w~ar resistance (76, 79). Finnie (21) 
demonstrated a relationship between impact wear 
resistance (W) and indentation hardness for pure and 
annealed metals. The Finnie model assumes crater volume 
will diminish as the plastic flow resistance of the 
material increases and gives the relationship 
where cr 
m 
. . . . . . . . . . 3.6 
is the effective flow stress or hardness value 
of the target material. 
is a constant 
However, the relationship does not hold for high angles 
of incidence, alloys or work hardened pure metals. 
Although impact wear behavior can be related to some 
physical or mechanical property for a carefully defined 
set of materials, none of the models hold for material in 
all conditions of heat treatments or plastic deformation. 
Hovis, Talia and Scattergood (26) suggest several reasons 
why a satisfactory model has not been developed. 
1. Models do not account for the lip of displaced 
material at impact craters (fig. 3. 17) , although they 
assume that some average fraction of this lip must be 
removed during ano impact. 
2. While flow stress or hardness can give adequate 
predictions, at least one other material parameter is 
needed when dealing with specific alloy systems. 
3. Particles are seldom spherical but instead have a 
sharp angular geometry. 
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Fig.3.17 Schematic diagram of an impact crater showing 
a lip of displaced material. The impact crater 
volume is normally measured with respect to the 
initial flat surface (26). 
3.4.3 The effect of material variables 
3.4.3.1 Properties of the wearing material 
.... 
The removal of material from metallic surfaces occurs by 
deformation and fracture of wear particles. Thus the 
impact wear rate must depend on the microstructure and 
the mechanical properties such as the flow stress, 
hardness, strain hardening capacity, ductility and 
toughness of the wearing material. 
The effect of hardness on the wear rate has been ·the 
subject of many experimental investigations and is 
generally assumed to be inversely proportional to the 
wear resistance. However, this relationship may only be 
used if the increased hardness does not extensively 
affect other mechanical properties (29). 
Jahanmir (29) found that the inter-particle spacings of a 
hard second phase or inclusions affected the rate of 
impact wear in an alloy. He explained that in a material 
with small inter-particle spacing, the crack propagation 
between inclusions or the microvoids occurs faster than 
in a material of equal hardness but larger particle 
spacing. The material containing large particles or 
precipitates and hence a large inter-particle spacing 
contains fewer microcracks than a material with finer 
precipitates. Thus the smaller number of microcracks will 
result in better wear resistance. The importance of a 
hard second phase was discussed by Sare ( 75), who also 
observed the fracturing of the carbides in a martensitic 
steel matrix under particle impacts. 
Wayne (85) found that duplex steel microstructures offer 
much higher wear resistance than spheroidized carbide 
structures in steels. In addition it appeared that the 
volume fraction of martensite in a duplex microstructure 
is· an important factor in impact wear resistance. 
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microstructure resisting wear through the containment of 
cracking. 
3.4.3.2 Geometric factors 
Few studies have considered the ·effect of particle size 
or shape on impact wear. Although Hutchings (27) did not 
consider these effects he did predict that particle size 
and shape would have a significant effect on the strain 
rate and the dynamic hardness of the target material. 
Many investigators have shown an increase in crater 
volume with increased particle size, but unfortunately 
crater volume does not provide an indication of the 
impact wear r·esistance ( 7 6) , and hence no satisfactory 
relationship exists for particle size. Crater volume may 
be defined as the size of the impression which results 
after a single particle impact on the target material 
relative to the original unworn surface. 
Hovis (26) reported that particle shape (i.e.spherical 
versus angular) appears to influence the amount of 
displaced material from a damaged crater during an impact 
event and hence the wear mechanism. For angular 
particles, at shallow impact angles, wear occurs by a 
cutting process. As the rake angle increases, fewer 
particles are orientated correctly to remove material by 
the cutting_ process and hence the dependency on 
angularity decreases at higher angles (29). 
3.4.4 Mechanisms 
· Wear by solid particle impingement is believed to occur 
by a combination of two mechanisms, namely cutting wear 
and deformation wear ( 10) • The cutting mechanism 
dominates at low . or oblique impact angles (fig. 3 .18a), 
whilst the deformation mechanism dominates at higher 
angles (fig.3.18b). · 
The cutting mechanism which is responsible for oblique 
impact wear, occurs in a manner similar to abrasive wear 
(29). Not all impacting particles are capable of removing 
material by a cutting action because they may not have 
the correct rake angle (fig.3.17) or sufficient energy. 
These non-cutting particles will plough the surface after 
impact and deform the surface layers plastically (83). In 
impact wear the surface damage may not directly produce 
any wear particles it may only weaken the surface 
layers. Any surface material which contains microcracks 
and voids can ·then be removed more easily by the cutting 
action of subsequent impacting particles. 
IMPINGEMENT 




Fig.3.18 Cutting (a) and deformation impact wear (b) (28). 
b. NORMAL IMPACT 
WEARING MATERIAL 
Impacting particles act as a cutting tool and remove 
material from target surfaces by the formation of 
microchips. At larger impact angles the impacting 
particles cannot remove material by the. cutting process. 
Under these conditions the cutting angle or the rake 
angle is too large for chip formation. Thus there is a 
substantial lateral displacement of material by a 
ploughing mode of deformation, which leads to the· 
formation of a raised rim ahead of the particle. 
Eventually the deformed material separates from the 







Fig.3.19 Sequence of platelet formation (42). 
The substantial plastic deformation which occurs below 
the surface can cause microvoid and microcrack formation. 
In the presence of microcracks the deformed surface 
material can fracture from the surface by crack 
propagation between microvoids and cracks. since 
inclusions and precipitates are potential sites for 
nucleation of voids, it has been suggested the wear rate 
may be inversely proportional to the interparticle 
spacings (29). 
At high impact angles the mechanism of wear differs from 
the cutting and ploughing observed at shallower impact 
angles. A feature observed under multiple normal impacts 
at high angles is the development of ridges where craters 
overlap (72). These regions extrude in the direction of 
the impact in the form of thin platelets which undergo 
ductile fracture to produce wear particles (75). 
According to Hutchings (27) the major mechanism of metal 
removal at high angles occurs when disc-shaped or . flat 
platelets which are usually smaller in thickness become 
detached parallel to the impact surface. Hutchings 
suggests further that material will only become detached 
at high angles in this manner after a number of impact 
cycles. 
The exact nature of the deformation m_echanism has not 
been clearly explained in the literature. Some proposals 
have been made such as - cold working and subsequent 
fracture after several impacts (29); fatigue crack 
propagation leading to final separation of loosened wear 
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particles; generation of platelets by plastic deformation 
of surface protrusions, but none have been absolutely 
proven. Levy and Morri ( 41) believe that the subsurface 
flow (rotational not translational) that occurs beneath 
impacts, results in the incorporation of the oxidized 
surface layers within the highly plastically deformed 
metal zone. These discontinuities or cracks coupled with 
additional surface flow generate shear stresses which are 
capable of producing crack propagation and eventual 
fracture. 
In contrast, Sare (75) suggests that the interaction of 
compressive stress waves which are produced upon impact 
at the surface of a heterogeneous material, results in 
fracture of one of the phases and propagation of cracks 
parallel to the surface (fig.3.18b). 
3.4.5 The effect of impact angle 
It is well established that the wear of metals by solid 
particle impingement depends strongly on the angle at 
which particles strike the surface. For most ductile 
metal alloys, maximum impact wear occurs at shallow 
angles of incidence approximately 20 o to 30 o. Wear at 
normal incidence is about a third of the maximum (27). It 
can be seen from fig.3.20 that ductile materials are more 
susceptible to low-angle cutting wear. Steels are 
apparently more sensitive to heat treatments at higher 
impact angles than lower angles (60). 
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Fig.3.20 Influence of the angle of impingement on the relative rate of wear of a ductile 
alloy (10) 
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This phenomenon appears to be explicable in terms of the 
relative contribution of the lip and platelet mechanisms 
to the total material removal at different angles (71). 
Lip detachment during individual impact events is the 
dominant mechanism in both the sipgle impact and multiple 
impact situations at low angles. The formation and 
detachment of platelets as a result of interaction 
between successive impacts accounts for the additional 
mass loss observed in the multi-impact situation at 
normal and near normal impacts (11). It has been 
suggested that at intermediate angles, impact wear occurs 
as a combination of possibly three mechanisms, that is, 
primary lip formation and detachment during a single 
impact, secondary removal of pre-existing lips by 
subsequent impacts, and detachment of platelets formed as 
a result of crater overlaps. 
Jahanmir (29) attempted to explain impact angle wear in 
terms of microvoids and·microcrack propagation. He found 
that void formation in a material occurs more readily at 
-impact angles of 15 to 20 degrees, which corresponds to 
the impingement angle for peak impact wear in ductile 
metals. He concluded further that maximum wear should be 
expected at different angles for alloys with different 
degr~es of ductility. 
3.4.6 The effect of velocity 
Wellinger and Breckel (15) showed with the aid of a 
simplified model that the target material exhibits a mass 
loss directly proportional to the normal approach 
velocity, which is in agreement with Rickerby and 
MacMillan (71) . 
Jahanmir (29) showed that a larger number of voids 
nucleate deeper below the target surface at higher impact 
velocities. These voids are potential nucleation sites 
for microcracks. Crack propagation between microvoids 
leads to the loss of material through fracture. Thus the 
wear rate is dependent on the depth of microvoids and 
hence on velocity of impact. 
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4. DESIGN AND DEVELOPMENT OF A LABORATORY TEST RIG 
AND SELECTION OF TESTING PARAMETERS 
4.1 Introduction 
Ideally, the wear behavior of materials should be 
moni tared in situ ( 82). However it is not always 
practical or feasible to mount such an operation and as a 
consequence laboratory tests, which attempt to simulate 
the real operating conditions, are preferable to field 
tests (57). The three basic requirements for a meaningful 
test are according to Moore (57), reproducibility, 
differentiability and transferability. A relatively good 
applicability of the test results can be expected when 
the specimen and the original are similar ( 36) . 
Moore (57) notes further that laboratory tests are 
comparative only, and should be used with extreme caution 
to predict the service life of the actual component 
because they simulate only some of the elements in the 
service environments. 
In the present instance, it was considered that a 
laboratory rig could successfully reproduce the service 
conditions and allow process variables such as valve 
closure velocity, slurry constitution and valve design to 
be altered. Consequently a laboratory rig was designed 
and built by Barnett (8) in which full size valves could 
be tested under similar operating conditions and slurry 
densities as pump valves operating in the gold mines. 
This design was subsequently modified by the author in an 
attempt to improve the mixing characteristics and to 
increase the pumpable ~ncentration from a relative 
density of 1.6 to 1.9 g/cm • 
4.2 Test rig 
The test equipment consists of five major sections, 
namely: 
1. The test cell 
2. A slurry agitation and mixing system 
3. A pipeline system 
4. A pneumatic system and 
5. A valve closure measurement system 
A layout of the test rig is shown schematically in 
fig.4.1 and illustrated in fig.4.2. 
A peristaltic.pump delivers fresh slurry from an agitated 
supply tank to the test cell at a predetermined constant 
flow rate (appendix A). The closed loop system allows the 
slurry to be cycled continuously for the duration of the 
·test. A pneumatic control system permits easy adjustment 
of the valve closure velocity, the number of impacts and 
the frequency of impact. 
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A detailed description of the operating procedure can be 
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Fig. 4 . 2 Experimental test apparatus 
4.2.1 The test cell 
The test cell has been designed to simulate the service 
conditions of the disc poppet valve. The test cell 
consists primarily of a cylindrical chamber and flange 
which is clamped firmly against a rigid base to form a 
waterproof chamber. Slurry enters the test cell at the 
top and exits at the base (figs.4.3 and 4.4). 
The seat or disc is positioned in the base of the test 
cell with the aid of an o-ring seal and the valve poppet 
is positioned by bolting it to the pneumatic plunger as 
illustrated in fig.4.4. The salient features of the test 
cell design are the ability to test full size valves of 
various designs, while remaining readily inter-
changeable. 
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f'ig.4.3 · Test cell 
Fig.4.4 Schematic view of the test cell showing the position of the seat and poppet. 
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4.2.2 Slurry Agitation and Mixing 
Since the coarser constituents of the slurry have a 
tendency to settle out, the slurry is mixed and agitated 
to ensure that a relatively constant particle size 
distribution is maintained for th~ duration of the test. 
The original test rig design attempted to achieve mixing 
and agitation of the slurry by: 
1. Injecting air at high pressure through several inlets 
at the base of the mix. 
2. stirring the mix with the aid of mixer blades at 25 
revolutions per minute. 
Unfortunately, because of clogging of the air inlets by 
the slurry and poorly designed mixer blades, only low 
concentrations could be mixed. 
After extensive modificatiens by the author, the test rig 
consisted of three independent mixing systems designed to 
give improved agitation. 
1. The mixing pump system 
A 0. 74 KW centrifuge pump was installed. The pump 
draws filtered slurry water near the surface of the 
mix and pumps the water back at the base of the mix 
resulting in violent agitation. 
2. stirring system 
A more efficient lKW splash proof electric motor with 
an overload facility was installed as well as a new 
gearbox (ratio 50:1) and a sophisticated spider 
couple. These modifications as well as the modified 
attack angle of the mixer blades delivered sufficient 
torque to mix the highly viscous slurry. 
3. Air agitation 
A lance coupled to the pneumatic supply was installed 
to probe the slurry manually which provided additional 
agitation. This modification proved particularly 
valuable for the finer more efficient packing slurries 
(belt filter tailings). 
A schematic illustration of the modifications can be seen 
in fig.4.5. 
4.2.3 Pipeline 
One of the major problems associated with pumping slurry 
is that it tends to become hydrodynamically unstable, 
particularly at high concentrations. As a result 
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modifications were made to the test rig pipeline to 
improve the ·flow characteristics and hence to increase 
the pumpable concentrations. The radius of all the pipe 
bends was increased thus reducing friction and resulting 
in improved slurry flow. The pipeline route was also 
simplified by the removal of al;L unnecessary bends and 
fittings. Additionally a pipeline was fitted directly 
between the base of the test cell and the slurry drum. A 















Fig.4.5 Schematic illustration of modifications to the mixing and pipeline system. 
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4.2.4 Pneumatic system. 
A sophisticated pneumatic system controls the closure 
velocity, the frequency of closure, the number of cycles 
and the cycling waveform characteristics. A line pressure 
of . 1. 7 KPa was used to supply a reciprocating pneumatic 
cylinder thereby simulating valve opening and closure. 
The valve impacts typically with a force in excess of 
70 N at a closure velocity of 1. 9 m/s, but because the 
trapped quartzitic particles betweeh the valve poppet and 
seat substantially reduce the bearing area, very high 
localized impact stresses can be expected. 
An Atlas-Copco LT-730 compressor with a capacity of 350 
liters and a maximum working pressure of 3 .-0 MPa was used 
as the pneumatic supply. 
A water cooling system was attached to the pneumatic 
exhaust during this study to prevent overheating and 
detachment of the pneumatic rubber hosing •. 
4.2.5 Valve closure measurement 
A LVDT (Linear Voltage Displacement Transducer) coupled 
to an oscilloscope was fitted to determine the valve .. 
closure characteristics and velocity. 
4.3 Laboratory test parameters 
4.3.1 Slurry types 
Two common South African gold mine waste slurries, namely 
milled waste (6mm maximum particle size) and belt filter 
tailings ( 200J.tm maximum particle size) were tested. The 
particle size analyses of the milled waste and _ be·l t 
filter tailings are illustrated in figures 4.6 and 4.11 
respectively. · 
4.3.2 Slurry quality 
In order to ensure that the conditions during testing 
were kept relatively constant, slurry degradation tests 
were performed on both the milled waste and belt filter 
tailings slurries. The slurries were pumped continuously 
through the working system for a period of eight and 
twelve hours respectively. Slurry samples were taken at 
regular intervals and examined for shape and size 
changes. Particle size analyses were performed using the 
technique of wet sieving. 
. . 
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It was estimated that each test cycle using the milled 
waste slurry would take a total of 8 hours, hence a 
particle size degradation test was performed over a 
continuous period of eight hours •. 
The slurry degradation test showed that there was little 
alteration in the morphology and size distribution 
(fig.4.6) of the quartzite particles. A sample taken 
initially was compared to a similar sample which had 
undergone testing. Several different size ranges were 
analyzed from 631J.m to 6mm. 
No substantial changes in the morphology of the particles 
were observed except for slight blunting of the cutting 
edges for the large particles. Typical results are 
illustrated if figs. 4. 7 to 4.10. Similarly the particle 
size fraction did not change substantially during the 
eight hour period other than a small discrepancy for 
particles less than 0. 5mm. This discrepancy was 
considered to be due to sampling technique or to the 
possibility that part of these fractions were washed away 
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Fig.4.6 Milled waste particle distribution. 
Fig.4.7 As received (unworn) 
f25·63J.Ull 
Fig.4 .9 As received (unworn) 
500·250J.U11 
4.3.2.2 Belt filter tailings 
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Fig.4.8 Yorn particles 
125· 63J.Ull 
Fig.4.10 Yorn particles 
500-250J.Ull 
The testing technique for the belt filter tailings was 
changed to ensure that none of the suspended fines were 
washed away. The changes included purging the system with 
as little fresh water as possible initially during start-
up and keeping the the slurry drum overflow valve closed 
for the duration of the test. It . was established that 
each test cycle using the belt filter tailings would take 
a total of li hours, hence a particle size degradation 
test over a continuous period of twelve hours was 
performed. 
The slurry degradation test showed that there was little 




























(fig.4.11) of the quartzite particles. A sample, taken 
initially was compared to a similar sample which had 
undergone testing. several different sizes were analyzed 
from 63~m to 2mm. No significant changes in the 
morphology were observed. Typical results are illustrated 
in figs.4.12 to 4.15. 
Hours Tested 
~ As Received 
-8- 6 
~ 12 
0.01 0.1 1 
Particle Size (mm) 
Fig.4.11 Belt filter tailing particle size distribution. 
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Fig.4.12 As received (unworn) 
125-250p,m 
Fig.4.14 As received (unworn) 
500-250/-{m 
4.3.3 Concentration and flow rates 
Fig.4.13 Worn particles 
125-250p,m 
Fig.4.15 Worn particles 
500-250p,m 
South African gold mines typically 3 pump sl
urries at 
relative densities of 1.65 to 2.1 g/cm (12). 
At concentrations exceeding 2.0 g/cm
3 , the slurries, 
particularly the milled waste, became unstable 
hydraulically ·in the laboratory test rig pipeline. 
Consequently all testpg was performed· . on slurry 
densitie3 below 2.0 g/cm . Relative densities of 1.7 and 
1. 9 g/cm representing 65% and 75% solid respectively, 
were pumped in the valve wear tests. 
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The concentration or specific gravity (SG) was simply 
determined by the mass ratio of the slurry to water for a 
given volume, 
SG = mass of slurryjmass of water. 
The procedure for calculating the -specific gravity of the 
quartzite particles was determined according to the 
American Society of Testing and Materials (ASTM) standard 
C-128. 
Increasing the concentration from a specific gravity of 
1.7 to 1.9 gjcm3 , did not result in a greater volume of 
material flowing through the test cell. An increase in 
concentration is offset against a drop in the flow 
velocity (fig.4.16) as a result of the lower viscosity of 
the slurry. The net effect is that the same volume of 
solid passes through the valve per unit time, but at 
different slurry flow rates. A detailed account of flow 









Fig.4.16 The effect of increased concentration in coarse particle transport with fixed 
speed centrifugal pump (4). 
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4.3.4 ~ssessment of flow erosion 
A flow erosion test was performed on a relatively soft 
stainless , steel AISI 316 valve poppet and seat 
(200 HV30), to assess the effect erosive wear on wear 
patterns and mass loss measurements. 
Milled waste slurry was pumped through an open valve at a 
specific gravity of 1.9 gjcm3 for a continuous period of 
90 minutes. The valve showed no appreciable erosive wear 
losses during this period. The contribution of erosive 
wear to the total wear of the valve is small in 
comparison to the other wear modes, and therefore has 
been omitted from this study. 
4.3.5 Valve closure velocity and characteristics 
Typicai inlet or suction valve closure velocities in 
service were found to be 1.72 ± 0.05 mjs (9). 
The maximum closure velocity of the valve in the 
laboratory test rig was found to be 1.9mjs. Velocities of 
1. 3; 1. 7 and 1. 9 mjs were selected as a suitable range 
for investigating the effect of velocity on the wear 
behavior of the valve. A typical ocilloscope trace, at 
valve closure velocity of 1.9mjs, is illustrated in 
fig. 4. 17. Note the sudden deceleration or impact as the 
valve poppet strikes the seat or disc in the test cell. 
Fig.4.17 Valve closure (1.9 m/s). Note the the sudden impact. Horizontal scale 
10 ms/DIV vertical scale 10 volts/DIV. 
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4.3.6 Valve frequency and test period 
The Schwin~ disc poppet valve typically cycles at a rate 
of 15 strokes per minute in-situ (9). An accelerated test 
rate of 50 cycles per minute was selected for the purpose 
of testing, which was compatible with the compressor's 
capacity. 
Valve wear was assessed at 500, ~500, 3000, 5000 and 
10 000-closure cycles, corresponding to a maximum time in 
actual service of 11 hours. 
4.3.7 Test parameters 
The following parameters were kept constant for the valve 
tests. 
(i) A maximum of 10. 000 valve closures. 
(ii) A cycling rate of approximately 50 closures/min. 
(iii) All tests were 6arried out in the vertical 
orientation (inlet or suction valve). 
( iv) All seats were heat treated to achieve a uniform 
hardness of 600 HV30. 
(v) The pH range of the slurry was kept approximately 
constant at 7.1 - 7.5. 
(vi) The milled waste slurry was 
every 8 hours of service and 
tailings after 12 hours. 
replenished after 
the belt filter 
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4.4 Testing Programme 
A testing programme was designed to establish the effect 
of material hardness, slurry constitution, valve angle 
and valve closure velocity on the wear of the poppet 
valves. Full details of the programme are shown in 
tabular form below (table 4.1). 
. 
SPECIFSC GRAVITY 6mm slurry 200p,m slurry 
(g/cm ) 1.7 1.9 1.7 1.9 
1 CONSTITUTION WEAR A B c D 
TES~ elocity 1.9m/s 
Valve angle 60° 
2 VELOCITY WEAR TEST 
Velocity 1.7m/s E F 
Velocity 1.3m/s G H 
Valve angle 60° 
3 VALVE POPPET ANGLE 
Angle 450 I J 
Angle 75° K L 
Velocity 1.9m/s 
TABLE 4.1 : Test matrix 
Each "block" in the matrix above, for example block A, 
represents four individual valve tests i.e. four 
different poppet hardnesses. 
4.5 Reproducibility 
A reproducibility test was performed using a milled waste 
slurry (6mm nominal particle size), a valve angle of 60° 
and bulk hardness of 450HV30 on three individual valve 
sets. 
The reproducib;lli ty of the valve tests was found to be 
better than +t_ 5 per cent for the valve poppets, and +f_ 10 
per cent for the seats or discs.·: These values were 
considered to be satisfactory for this type of test. The 
valve poppet and seat reproducibility as well as the 
cumulative wear loss reproducibility up to 10 000 closure 
cycles is plotted in fig.4.18. 
1A Bmm quartzlte-sfurry(max) 
closure velocity 7.9 mls 
s 








valve angle 60 degree 
.,. 4'9 -
o~~--~----~~~----~----~--~ 
e 2 4 · 6 8 10 12 
~lve Closure Cycles (Thousands) 
Legend 
~ Poppet (450 HV30) 
--e- Seat (600 HV30) 
0 Cumulative 
Fig·. 4. 18 Showing mass loss with valve closure cycles: 
reproducibility error bars as shown. 
4.6 ~Transferability 
Having simulated the service conditions as closely a·s 
possible, correlation of the wear mechanisms for both the 
laboratory and the in-situ valve still remained. 
A· worn, surface hardened medium carbon steel Schwing 
valve with ari· ·s~;rvice life of 80 hours was compared to a 
worn as 817M40 laboratory valve of equivalent hardness 
and valve angle, after 3.3 hours of laboratory testing. 
Both the in-situ and the laboratory valve had been used 
to pump milled waste (6mm nominal particle size). 
Macroscopic wear patterns on the valve poppets and seats 
were found to be very similar. Both poppet valves were 
found to exhibit a seating line as illustrated in 
fig.4.19. A similar examination of the corresponding 
valve seats reveal.ed close similarities in wear patterns, 





Fig.4.19 IJorn valve poppet after 80 hours in·situ (a) and a worn laboratory valve (b) 
after 3.33 hours in the laboratory. 
a} 
b) 
Fig.4.20 A worn laboratory valve disc or seat (a) and the in·situ seat (b). 
The microscopic observations of the valves also confirmed 
a strong correlation in the nature of the wear 
mechanisms. Similarities in the size and shape of wear 
scars are clearly evident in figs.4.21 and 4.22. The in-
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situ and the laboratory valve both showed evidence of 
multiple impacts and severe abrasive wear. 
Fig.4.21 Showing embedding of a abrasive particle at the end of a short wear track on the 
in-situ poppet. 
Fig.4.22 An embedded particle at the end of a short abrasive wear track on a Laboratory 
test valve popPet. Note the particle has fractured due to the high Load on both 
valves. 
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S. EXPERIMENTAL TECHNIQUES 
5.1 Materials 
A medium carbon, low alloy steel conforming to BS 817M40 
was selected as the disc poppet yalve and seat material. 
The chemical analyses are shown in table 1. Although a 
medium carbon, surface hardened steel is used as valve 
material in practice ( 7) , it was considered that the 
through hardening steel BS 817M40 would provide more 
controllable and consistent material properties 
throughout wear testing • 
. . 
Poppet M~terial Seat Material 
% mjm ~ mjm 0 
Carbon (C) 0.41 0.38 
Manganese (Mn) 0.72 0.71 
Silicon (Si) 0.09 0.10 
Chromium (Cr) 0.99 0.99 
Nickel (Ni) 1.47 1.45 
Molybdenum (Mo) 0.31 0.29 
Iron (Fe) balance balance 
.. 
* mass by mass 
TABLE 1: Chemical analyses of poppet and seat material. 
s .. 2 Heat treatment 
A heat treatment procedure similar to that recommended by 
2ritish standards was adopted to determine the mechanical 
properties of BS 817M40 (En 24). 
A ·series of Charpy V-notch specimens, as described in 
. American Society of Testing and Materials (ASTM) 
standards En-23 (1985) and a series of type A Hounsfield 
tensile test specimens (gauge length 17. 8mm) were taken 
parallel to the rolling direction of the bar and prepared 
for heat treatment. In an attempt to reduce 
decarburisation during heat treatment, specimens were 
first placed in a bed of cast iron swarf, and then placed 
in a furnace which had been purged with nitrogen gas. 
Austenitisation was carried out at 850 oc for 60 minutes, 
followed by an oil quench. These specimens were then 
tempered at intervals of 100°C between 100 and soooc for 
one hour. The results of the heat treatments are shown in 
fig.5.1. Austenitisation was performed in a Naber 3.2 KW 
furnace and tempering in a fluidised bath. 
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fig.5.1 Temperirig.temperature versus hardness and toughness for BS 817M40. 
5.2.1 Valve heat treatment 
In an attempt to prevent decarburisation of the valves, 
several precautions were taken prior to heat treatment. 
First the poppet valve was coated with Aniscol, a 
commercially available protective ceramic paste. Only 
those faces which normally experience wear during service 
were coated since such coatings decrease quenching rates 
during heat . treatment. Secondly the poppet was placed 
face down in a bed of cast iron swarf and the furnaces . 
purged with dry nitrogen gas at a rate of 5ccjmin. The 
poppet was pre-heated to 600°C and subsequently 
transferred to · a second furnace and heated to an 













used to monitor the rate of heating at the centre of the 
poppet (fig. 5.2). 




Fig.5.2 Valve poppet ill1,1strating surface coated in ceramic paste and the location of the 
thermocouple. 
From the information obtained (fig.5.3 and 5.4) it was 
decided to pre-heat the valves for 50 minutes and 
.austenitise for 22 minutes. The valves were then quenched 
in· shell Volutte c oil. The same. heat treatment schedule 
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Fig.5.4 Austenitisation of the valve poppet in furnace 2. 
5.2.1.1 Valve poppet 
The valve poppets were tempered at four different 
temperatures after oil quenching from 850°C, to give a 
range of mechanical properties. This particular range 
{table 2) was selected in order to establish the effect· 
of valve hardness on wear. Two Naber 3.2 KW furnaces were 









as received 300 
Poppet tempering temperatures and 
corresponding hardness values. 
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5.2.1.2 Valve seats 
To simplify the study, all the valve seats or discs were 
given the same heat treatment, consisting of an oil 
quench from aso·c followed by a tempering at 2oo·c for an 
hour. 
A tempering temperature of 2oo·c was chosen for two 
reasons. Firstly, previous testing Barnett (8) had shown 
that wear decreased significantly at high hardness 
values. High hardness values are associated with low 
tempering temperatures (fig. 5. 1) . Secondly, optimum 
toughness is developed· at 2oo•c (fig.5.1). A high 
toughness is desirable for the valves because of the 
impact loading they experience during service. 
----Ceramic coating 
Fig.S.S Illustration showing the fac~s on.the valve seat which were coated in ceramic paste. 
5.2.2 Evaluation of valve heat treatment 
Heat treatment of the valve poppets and seats was 
generally found to be within ± 10 on the Vickers hardness 
scale, this was considered satisfactory. 
The ceramic coating was largely responsible for the 
absence of decarburisation. surfaces not coated with 
Aniscol prio:r: to heat treatment developed a: thin oxide 
layer during heat treatment and showed an appreciable 
decrease in ·surface hardness (20%). Since the ceramic 
coating greatly reduced the amount of decarburisation, 
valve faces were not final ground prior to testing but 
were rather lightly polished using 240 f.Lm grit emery 
cloth. 
5.4 Laboratory Methods 
5.4.1 Hardness testing 
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Bulk hardness testing was measured using the Vickers 
diamond pyramid indentation method at 30Kg load on an 
Eseway harness tester. Microhardness measurements were 
made using a Shimadzu microhardness tester. 
Microhardness measurements on quartzite samples were made 
using a load of 500g. Prior to indentation, the mounted 
quartzite particles were coated with a thin film (0.02~m} 
of gold palladium. The reflectivity of this surface 
facilitated the identification and measurement of the 
resulting impression. The hardness of the slurry 
particles was found to be 1168 ± 90 on the Vickers 
hardness scale. 
This value is consistent with literature (40}. The 
variation in hardness may arise from the heterogeneous 
nature of the grains i.e. grains typically consist of a 
variety of phases and minerals. The hardness of the 
quartzite was taken as 1168 HV for the purposes of this 
study. 
5.4.2 Microstructural examination 
Worn surface morphologies and subsurface deformation from 
various specimens tested in the laboratory were compared. 
A Nikon and a Reichert MeF2 microscope was used for 
optical microscopy. 
Specimens were sectioned on a Microtom cut-off wheel and 
mounted in cold setting resin. A water wheel was used to 
polish the specimens in steps to 1200 grit carborundum. 
Finally, all specimens were polished using a 0.25~m 
diamond paste and etched in a 2.5% Nital solution for a 
few seconds prior to microscopic observation. 
The study of the subsurface posed a particular problem 
because the edges of the specimen became rounded during 
the polishing procedure. This obscured the deformed areas 
that were of interest. The technique of electronickel 
plating was employed and proved to be effective in 
preventing rounding. Specimens were plated in a nickel 
sulphate, nickel chloride and boric acid solution with a 
nickel anode and a current density of 50-100 mAjcm3 to a 
thickness of between 1 and 2 mm. For efficient plating it 
was necessary to ensure that the surfaces were clean 
before plating could commence. 
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The cleaning procedure was as follows : 
1. The specimen to be plated was ultrasonically. cleaned 
in alcohol for 5 minutes and rinsed in distilled 
water. 
2. The specimen was then ultrasonically cleaned in a 20% 
solution of ammonia for 2 minutes and rinsed in water. 
4. The specimen was afterwards dipped into a 25% solution 
of hydrochloric acid for · 2-3 seconds and rinsed in 
water. 
5. Finally the specimen was placed in the electroplating 
solution and plated at low current density. 
----Nickel coating 
,_ ........ ~Traverse 
hardness 
Fig.5.6 Location of specimen taken from the worn valve for nickel plating, In addition 
the illustration shows a specimen which has been plated and subsequently 
sectioned. 
The subsurface deformation below the valve seating line. 
was studied by cutting sections from the worn valve. 
Prior to nickel plating the worn surfaces of both 
laboratory and in-situ valves were examined using a 
Cambridge S200 scanning electron microscope after they 
had been ultrasonically cleaned in alcohol. Sections were 
removed from the valve seats for examination (fig.5.6). 
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----Nickel 
Fig.5.7 Illustration of the sectioned seat and a sectioned nickel plated specimen. 




The mass loss was monitored at regular intervals during 
testing by removing the valve, drying~ .cleaning and 
weighing. A Mettler PM 2000 balance, with an accuracy of 
0.01 g, was used to determine mass loss. · 
Wear loss is dependent on particle abrasivity hence valve 
wear has been plotted as a function of relative hardness 
(Ha/Hm) where Ha is the abrasive hardness and Hm is the 
wearing material bulk hardness. 
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6. RE.SULTS 
A complete set of slurry constitution, closure velocity and 
valve angle tests for both the milled waste and belt filter 
tailings will be presented, as set out in table 4.1. All the 
valve sets tested, exhibited a steady state wear loss with 
increasing closure cycles. In all cases the mass loss of the 
valves is reported for 10 000 closure cycles. The results are 
presented in graphical form, but are available in tabular form 
in appendix c. ' 
6.1 slurry Constitution 
Wear tests were performed at specific gravities of 1. 7 
and 1.9 gjcm3 for both the 6mm and 200~m nominal particle 
size slurries at a valve angle of 60 o and a closure 
velocity of 1. 9 mjs. 
6.1.1 Milled waste 
Milled waste consisting of 6mm nominal particle size was 
used in the testing pro·gramme. The results of the milled 
waste valve wear tests are plotted in fig. 6 for both 
slurry specific gravities and presented in tabular form 
in tables 1 and 2, appendix c. 
A change ·in the wear rate or a .transition point was found 
to ·exist on the relative hardness versus wear loss curve 
(fig.6). At a closure velocity of 1.9 mjs, the transition 
was identified as being approximately Ha{H = 1. 9 for a 
slurry with a specific gravity of 1.7 gjcm , where Ha is 
the hardness of the abrasive and H the poppet hardness. 
At the higher slurry density, a similar transition was 
found at a Ha/H value of 1.9 but it was far less 
pronounced than for the lower slurry density of 
1.7 gjcm3 . 
It is also worth noting that the mass loss for poppet 
valves of similar hardness is always higher when the 
valves are subjected to the higher density slurry despite 
the total throughput of solids being similar for both 
slurry densities (appendix A). The net difference in mass 
loss for the valves subjected to different slurry 
densities was slight below the . transition point of 
HajH = 1.9, but became increasingly divergent as the 
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Fig.6.1 Shows the change in mass loss with change in relative hardness (Ha/H). Note the 
inflection around an Ha/H value of 2 for both specific gravities. 
6.1.2 Belt Filter tailings 
Belt filter tailings consisting of nominal particle size 
200~m were used in the testing programme. 
A plot of the relative hardness versus wear loss at 
10 000 closure cycles can be seen in fig.6.2 superimposed 
on the results for wear loss using the 6mm nominal 
particle siz~ slurry. These results are also presented in 
tabular form in tables 3 and 4, appendix c. 
From fig.6.2 it can be seen that the finer slurry results 
in between 18 to 34 % less wear of the valve material 
than the coarser slurry at a specific gravity of 
1.7 gjcm3 , depending on the poppet bulk hardness. 
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The wear rate increases significantly initially as the 
ratio of the hardness (Ha/H) increases, but gradually 
decreases at higher relative hardness values. The wear 
loss for the two different density slurries became 
increasingly divergent at higher hardness values. A 
similar trend was also observed with the milled waste. 
Predictably, higher wear loss occurred at higher specific 
gravities which was similar.to the result found with the 
milled waste (fig.6.2). The wear loss of the valve poppet 
at the higher specific gravity in the fine slurry, varies 
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Fig.6.2 Shows the change in valve mass loss with change in relative hardness (Ha/H) using 
a 200~ nominal particle size slurry •. 
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6.2 Valve Closure Velocity 
Three valve closure velocities namely, 1.3, 1.7 and 
1.9 mjs, were investigated for both the milled waste and 
the belt filter tailings at a valve angle of 60° and a 
slurry density of 1. 7 gjcm3 . Th~ results of the valve 
closure velocity tests for the milled waste and belt 
filter tailings are plotted in graphical form and 
presented in tabula~ form in tables 5 ·to 8, appendix c. 
6.2.1 Milled waste 
The results of· the valve closure velocity tests which 
were carried out for velocities of 1.3, 1.7 and 1.9 mjs 





..•.••...•....•• ; •••••••••• : ••••••.• : •..••• : ..•• , ••. , ••. : ••• j •• 
• • • • 0 • 0 0 
• • • 0 • • •• . . . . . . .. . . . . . • .. ............................................................... . . . . . . .. 
0 • • • • • ••• 
• 0 • • ••• . . . . .. . . . . . .. . 
················~··········~··· x····~····~···~ ... ~ .. ~ .. 
. . . . .. . 
................ i ..... x ·:··· ... ~ ..... i .... i···i .. -~ .. ~ .. . . . . . . .. 
• • • • • • • 0 
• • • 0 • • • 0 
• • 0 • • ••• . . . . . . .. . . . . ... 
················!· ........ ·······:······:····:···{···:···:··· 
• • 0 • • •• . . . . ... 
. . . . 
0 ••• 
. . . . .. .......... , ........................ , ....... , .. 
. . . . ... 
. ! .......... ~ ...... ·: ..... ·: .... ! 0 •• ~ ••• :· •• ~ •• 
. . . . . . .. . . . . . . .. . . . . . . .. . . . . . . .. . . . . . . .. 
• • • 0 • • •• . . . . . . .. 
0 • • • • ••• . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . .. . . . . . . .. . . . . . . .. . . . . . . .. . . . . . . .. . . . . . . .. . . . . . . .. . . . . . . .. . . . . . . .. . . . . . . .. . . . . . . .. . . . . . . .. . . . . . . .. . . . . . . .. . . . . . . .. . . . . . . .. . . . . . . .. . . . . . . .. 
0.1~------~--~--~~~L-~~ 
1 10 
Relative Hardness (Ha/H) 
Closure Velocity 
X 1.9 m/s 
+ 1.7 m/s 
* 1.3 m/s 
6rnrn(rnax) 
60 degree 
10 000 cycles 
Fig.6.3 Showing the effect of· valve closure velocity on mass loss with valves of 
differing Ha/H values (milled waste). 
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It is clear from fig.6.3 that. increasing the valve 
closure velocity from 1. 7 m/ s to 1. 9 m/ s results in a 
40 % greater mass loss for all valves regardless of the 
the relative hardness. The curves all display a 
transition in wear behavior which appears to · shift 
marginally at lower closure velocities to higher relative 
hardness values. 
In fig.6.4 a plot of wear loss versus valve closure 
velocity has been shown as a function of the valve poppet 
hardness. For the hardest valve poppets i.e. Ha/H = 1.79, 
the wear loss remains linear as the closure velocity 
increases. The initial wear loss appears to be linear for 
the softer materials . but increases distinctly at 
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Fig. 6. 4 Showing the change mass loss with change in 
velocity (milled waste). 
6.2.2 Belt Filter Tailings 
The results of the'belt filter tailing velocity tests are 
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Fig.6.5 Showing the effect of valve closure velocity on the mass loss with valves of 
differing Ha/H values (belt filter tailings). 
From fig. 6. 5 it is clear that wear loss increases with 
valve closure velocity and relative hardness (Ha/H). i.e. 
lower valve hardness. At closure velocities of 1. 7 and 
1. 9 mj s the wear rate (fig·. 6 . 5) decreases with increase 
in relative hardness, as was observed in the milled waste 
velocity tests (fig.6.3), but at a velocity of 1.3 mjs, 
unlike the other curves, an increasing wear rate was 
observed with increase in relative hardness. 
In fig. 6.6 a plot of wear versus valve closure velocity 
has been shown as a function of the valve poppet 
hardness. However, in contrast to the milled waste 
(fig.6.4), the belt filter tailings exhibit a linear 
increase in wear loss with an increase in valve closure 
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Fig.6.6 The effect of mass loss on closure velocity (belt filter tafrings) 
6.3 Valve Angle 
Three valve angles namely, 45°, 60° and 75° were tested 
using both the 200~m and 6mm nominal particle size 
slurries at a constant closure velocity of 1. 9 mjs and 
and a slurry density of 1. 7 gjcin3 • The results of ·the 
valve angle wear tests are presented tabular form in 
tables 9 to 12. 
6.3.1 Milled Waste 
The results of the 6mm comminuted waste rock tests are 
shown in fig.6.7 for 10 ooo cycles. With the exception of 
the hardest poppet i.e. 650HV, all the valves show a 
linear increase in wear with an increase in the valve 
angle and a decrease in hardness. The hardest valve 
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Fi.s.6.7 The effect of valve angle on the mass loss of valves with different hardnesses. 
6.3.2 Belt Filter Tailings 
The results of the 200~m comminuted waste rock tests are 
presented in fig.6.8 at 10 000 valve closures. The two 
softer steels exhibit a linear increase in wear with a 
increase in valve angle, a result similar to that shown 
by · the milled waste (fig. 6. 7) . However, in contrast to 
the milled waste, the two harder steels tested in the 
belt filter tailings, exhibited a lower wear loss at a 
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Fig.6.8 The effect of valve angle on the mass loss of valves with different hardnesses. 
6.4 cumulativ$ wear Loss 
The wear on a valve poppet cannot be con~idered in 
isolation since it is only one component of the complex 
wear couple. The cumulative wear loss of the valve-
assembly i.e. the sum of the seat and poppet losses, are 
present in tables 1 to 12, appendix C. 
The cumulative wear loss was found to generally increase 
with a decrease . in poppet hardness. This is shown in 
fig.6.9 as a function of the hardness of the poppet, the 
seat having a similar hardness value in all the tests 
(600 HV30). However a number of valves exhibited a 
moderate decrease in cumulative wear at between 450 and 
550 HV30 in both the milled waste and belt filter 
tailings as illustrate~ in fig.6.10. 
The valve poppet's contribution to the cumulative wear 
relative to the seat, was found to increase as the valve 
poppets hardness decreased for the series of tests 
performed. The lowest volume loss, irrespective of the 
valve closure ·velocity, slurry density or valve angle, 
was always found to be at the highest valve hardness 








describe the seats wear behaviour as a function of the 
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Fig.6.9 The cUII'-Jlative wear loss as a function of the valve poppet h¥dness. (belt filter 
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fig.6.10 The cUll.llative wear loss as a function of the valve poppet hardness. Note the 
decrease in currulative wear at a valve poppet hardne~s of 459 HV30. (milled 
waste, closure velocity 1.3m/s, specific gravity 1.7 stem) 
6.5 Metalloqraphic Examination 
An examination of the worn surface morphologies was 
performed in an attempt to interpret the wear data. 
6.5.1 Valve poppets 
An examination of the worn valve poppets 
the wear patterns of valves tested in 
differed considerably from those tested 
slurry as illustrated in figs.6.11 and 6.12 
revealed that 
coarse slurry 
in the fine 
respectively.· 
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Fig.6.11 Worn valve poppet tested in the coarse slurry, Note the broad wear zone. 
(specific gravity 1.7g/cm3, velocity 1.7 m/s, 450 HV30). 
Fig.6.12 Worn valve poppet tested in the fine slurry, Note that wear is confined to a 
narrow band. (specific gravity 1.7g/cm3,velocity 1.7 m/s, 450HV30). 
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In contrast to the milled waste valves, which experience 
wear at the seating line and over the majority of the 
face below the seating line, belt filter tailing valves 
exhibit more localised wear around the seating line. This 
seating line appears to show three distinct wear zones as 
illustrated in fig. 6.13 , particularly in those valves 





Fig.6.13 Showing the wear zones around the valve 
seating line 
Zone 1 consisted of relatively unworn valve material 
adjacent to the seating line. Zone 2 (fig.6.14) consisted 
of an area where the material had been deformed and 
displaced laterally as a result of multiple impacts 
leaving a deep groove. In contrast to Zone 2, Zone 3 
(fig.6.15) showed definite signs of abrasive wear in 
which quartzite particles had ploughed out wear tracks. 
This was particularly evident with the coarse slurry. In 
addition there was evidence that impacting quartzite 
particles were also responsible for surface deformation 
in this area. The actual size of these zones was found to 
vary, depending on the bulk hardness and angle of the 
valve. Harder valves resulted in smaller zones in 
contrast to higher valve angles (75°) which resulted in 
bigger zones. 
Zone 2 rarely exceeded 500~m in width, whilst Zone 3 was 
found to be directly dependent on the slurry size. Zone 3 
was found to be less than 500~m when tested with the fine 
slurry but as large as 4mm when tested with the coarse 
milled waste slurry. 
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In addition, the worn groove in zone 2 appeared to be 
more severe in the finer slurries. 
Fig.6.14 Seating line Zone 2, with multiple impact sites (tested in belt filter tailings 
valve angle 60•). 
Fig.6.15 Zone 3, Impact and abrasive wear damage. Note the errbedded quartz particle. 
(tested in belt filter tailings, valve angle 60"). 
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6.5.2 seat 
The wear patterns on the valve disc or seats were found 
to differ vastly in the two different slurries as 
illustrated in figs.6.16 and 6.17. 
Fi g.6.16 IJorn seat or disc, Note the wear extends well down the seat. (6nm nominal 
particle s i ze slurry, specific gravity 1.7g/cm3, 600HV30). 
Fig.6.17 IJear is confined to the seat edge, (200~ nominal particle size, specific gravity 
1.7g/cm3, 600 HV30) . 
Wear on the valve seats tested in the 200~m nominal 
particle size . slurry, was confined to a narrow band in 
the region of the valve edge as indicated in fig.6.18. In 
sharp contrast, wear on the seat tested in the 6mm 
nominal particle size slurry was found to extend 
considerably further down the inside face (fig.6.18). 
This distance (D) , was found to be a function of the 
poppet valve angle. In addition these seats showed 
evidence of impact wear on the seat edge as well as deep 
parallel abrasive tracks down the inside face (fig.6.19). 
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Fig.6.18 A view of the seat edge showing two regions (1) impacts (2) abrasion on the 
inside face. 
Fig.6.19 Ploughing by abrasive particles on a seat tested using milled waste. Note the 
embedding of the particle and the severe accompanying plastic deformation. 
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An examination of this wearing subsurface revealed three 
distinct subsurface layers as shown in fig.6.20. 
1. The undeformed or undisturbed base material. 
2. A plastically deformed region. 
3. A surface region which differed morphologically from 
the base material (Zone 1 and Zone 2), being 




Fig.6.20 A cross section through the worn seat surface. The depth at which flow begins can 




Zone 3 was found to be approximately 240 Vickers harder 
than the base material. Evidence was also found to 
suggest that in addition to microcutting and 
microploughing, delamination of the highly workhardened 
zones occurred as result of crack and void formation of 
the subsurface zones, as described by Rice (67). No well 
defined surface zones were observed on the valve poppets. 
Fig.6.21 Delaminatfon of the surface material on a seat tested in 6rrrn nominal particle 
size slurry. Note the impact site and the fractured embedded quartzite particle. 
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In contrast to the seat tested in milled waste, the wear 
on the valve seat, tested in the belt filter tailings was 
found to be almost entirely due to impact damage or 
microspalling as illustrated in fig. 6. 22 and 6. 23. The 
absence of subsurface zones is clearly visible in 
fig.6.24. 
Fig.6.22 Impact wear on a seat tested in fine slurry (200~ nominal particle size). 
Fig.6.23 Showing impact wear on the seat tested in fine slurry (200~ nominal particle 
size). 
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Fig.6.24 A cross section through a worn seat tested in 200~ nominal particle size slurry. 
Note the absence of sliding deformation and surface zones. In addition note the 
entrapped quartzite particles·. 
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6.6 Microhardness 
The microhardness traverse across a selected number of 
valve poppets was used to assess the extent of subsurface 
deformation. All the valve poppets examined, exhibited 
maximum workhardening near the surface with a decrease in 
hardness across the strained region to the bulk level. 
Increasing the slurry density from 1. 7- 'gjcm3 to 1. 9 gjcm3 
for both the milled waste and belt filter tailings, was 
found to increase the workhardening value near the 
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Fig.6.25 Showing an increase in workhardening at a higher slurry concentration for two 
valve poppets tested in the as received condition, (belt filter tailings, 10 000 
closure cycles, valve angle 60", 1.7 m/s) 
Increasing closure velocity from 1.3 to 1.9 mjs resulted 
in a substantially greater workhardening near the surface 
as illustrate<} in fig. 6. 26. Furthermore increasing 
closure velocity was found to result in greater depths of 
workhardening, particularly above 1.3 mjs. Lower valve 
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Fig.6.26 Showing reduced workhardening at lower closure velocities, (valve poppets 
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Fig.6.27 Showing increased workhardening at lower valve angles. (valve poppets OQ 850"C, 
tempered 4So•c, milled waste, 10 000 closure cycles, 1.9m/s). 
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7. DISCUSSION OF RESULTS 
In order to interpret the wear data, an understanding of the 
wear mechanisms which operate during the pumping of slurries 
is a prerequisite. 
7.1 The wear Mechanism in General 
During the suction stage of the pumping operation, slurry 
is drawn into the valve chamber through the open disc 
poppet valve. 
As the valve begins to close rapidly the larger particles 
in the slurry are trapped between the valve poppet and 
the seat (fig.7.1). The particles indent the surface and 
are crushed under the high load, resulting in impact 
damage to both the valve poppet and seat. This zone of 
impact damage on the valve poppet is confined to the 
seating line area and the area directly below. The impact 
damage on the seat is usually restricted to a small area 
on the the edge of the seat. 
The impacts result in the formation of craters and 
material is extruded ·around the impacting particles 
causing work hardening of the surface material (fig.7.2). 
Multiple impacts eventually lead to micro-cracking and 
micro spalling of the surface layers (fig.7.3). 
As the gap between the valve poppet and seat decreases 
further during closure large trapped abrasive .particles 
are forced to move across the valve and seat surface. 
This movement results in further deformation andjor 
microcutting of the metal surfaces through three · body 
abrasive wear (fig.4.20). Delamination of the surfac.e 
material in the seats may also occur (fig.6.20). 
The superposition of both impact and abrasive wear can be 
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EMBEDDED PART! C LE 
Fig.7.1 Diagrammati c illustration of the sequence leading to wear of the poppet and seat. 
Fig.7.2 Multiple impacts and the formation of wear debris at crater ridges (valve angle 60•). 
' . 
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Fig.7.3 Showing micro-cracking of the surface and the formation of a platelet as a result 
of the impact (valve angle 45•). 
Fig.7.4 The two principle mechanisms, abrasion and impact are visible on this valve poppet. 
Note the superposition of the abrasive wear track over the impact crater (valve angle 
60°). 
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7.2 Slurry Constitution 
7~2.1 The effect of increasing solid concentration 
Increasing the slurry density from 1.7 to 1.9 gjcm
3 at a 
closure velocity of 1.9 mjs is seen to increase the mass 
loss during testing by 15 % in fine slurries, and by 8 % 
the coarse slurries, at . a poppet bulk hardness of 
450 HV30. Whilst the volume of solids flowing through the 
test cell did not alter with an increase in slurry 
density, (appendix A), due to a drop in the flow 
velocity, more particles are likely to be trapped between 
the valve and seat on closure resulting in a greater 
number of particles available for impact and abrasion at 
the valve interface and hence larger mass losses. 
The effect of increasing concentration on two valves of 
equivalent hardness can be seen in fig.7.5 and 7.6. It is 
apparent from figs.7.5 and 7.6 that increasing the 
concentration results in greater surface deformation. 
This in turn results in greater workhardening, 
particularly near the surface (fig.6.25). 
3 
Fig.7.5 Showing the wear on a valve poppet at a specific gravity of 1.7 g/cm. Note the 
errbedded quartzite particle.(2001J.111 nominal particle size slurry, 10 000 closure 
cycles, closure velocity 1.9m/s, 60•). 
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3 
Fig.7.6 Showing the wear on a valve poppet at a specific gravity of 1.9 g/cm • Note the 
massive surface deformation. (200~ nominal particle size slurry, 10 000 closure 
cycles, closure velocity 1.9m/s, 60"). 
7.2.2 Milled waste 
This work has established that as the bulk hardness of 
the valve is increased, the mass loss of the steel 
decreases, regardless of the valve closure velocity, 
valve angle and slurry density. Furthermore, an 
improvement in excess of 50 % in wear resistance, at a 
specific gravity of 1. 7 gjcm3 and a closure velocity of 
1.9 mjs, was obtained when the poppet hardness was 
increased from 301 HV30 to 652 HV30 (fig.6.1 and 6.3). 
In the present situation where quartzite is the 
transported material, the hardness of the steel should be 
in excess of approximately 600 HV30 giving a relative 
hardness of Ha/H = 1. 9. such a result is in agreement 
with Khruschov (35) and Elkholy (16) who both found ·a 
similar transition value for sandjwater slurries. It also 
parallels the results of Richardson (70), who found that 
for a relative hardness in excess of 2 (Ha/H > 2), 
relative wear resistance was almost independent of the 
hardness of the metal matrix. 
This change in wear behaviour is believed by many workers 
to be due to a change in the abrasive wear mechanism from 
a predominantly ploughing to predominantly cutting mode, 
with increase in hardness or loss of ductility (58) . 
Hence, the change in wear behavior is explicable in terms 
of the abrasion 
mechanism. 
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component of the impact/abrasion 
Valve poppets heat treated to a relative hardness Ha/H of 
less than 1. 9 are considerably harder and less ductile 
than valves with a relative hardness 1.9. The poor 
ductility or conversely the high hardness results in 
reduced penetration of the surface during impact and 
abrasion by the quartzite particles, henqe favouring the 
cutting mode during abrasion rather than the ploughing 
mode which is more prevalent at lower hardness values 
(25). Consequently, less surface material is displaced at 
high hardness values which in turn leads to lower wear 
losses. Observation of the worn valve surfaces confirms 
that there is a noticeable decrease in the severity of 
the surface deformation caused by the abrasive component 
at higher valve hardness values, which would substantiate 
this argument. This is illustrated in figs. 7.7 and 7.8. 
Although valve poppets exhibit a greater impact 
resistance above the transition point, this improved 
impact resistance is offset against an appreciable 
decrease in hardness (fig. 5 .1) . The increased ductility 
of the material results in greater penetration of the 
surface and consequently in the formation of larger 
impact craters and boundary peaks. These surface 
protrusions are subsequently microcut andjor ploughed off 
by the abrading particles. 
Fig.7.7 Showing predominantly ploughing of the relatively soft valve poppet (450 HV30,closure 
velocity 1.9 m/s, specific gravity 1.9 g/cm3, valve angle 60•). 
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Fig.7.8 Showing predominantly cutting of the relatively hard valve poppet (650 HV30). 
Note the superposition of the impact mode.(valve closure velocity 1.9 mts 
specif ic gravity 1.9g/cm3, valve angle 60"). 
In summary, when pumping 6mm nominal particle size 
slurry, the two mechanisms of impact and abrasive wear 
are responsible for material removal on both the poppet 
and seat (fig_. 6 .16). As the hardness of the valve poppet 
increases, cutting wear becomes more predominant compared 
to surface deformation and ploughing. The transition from 
ploughing to cutting wear mode manifests itself in a 







slurry densities, the impact and abrasion 
become more severe above the transition point 
in a less distinct transition point. In 
reduced closure velocity has the opposite 
7.2.3 Belt filter tailings 
In the course of this work it was established that the 
wear rate of a valve tested in belt filter tailings 
(2001J.m nominal size particle slurry) was between 18 to 
34 % lower than a valve of an equivalent hardness tested 
under the same operating parameters in the milled waste 
slurry. This result is in agreement with Miller (38) who 
observed that accelerated wear of disc poppet valves 
occurs in service when the abrasive particles exceed 2mm 
in diameter. 
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With reference to fig.6.12, the absence of any abrasive 
wear tracks and the predominantly micro-spalling of the 
surface, suggests that the wear caused by the 200~m 
slurry can almost entirely be attributed to the impact 
wear mechanism, irrespective of the poppet hardness as 
illustrated on figs.6.23 and 7.09. 
Fig.7.9 Showing impact wear on a poppet tested in 200~ slurry. 
As was found in the milled waste, the size and depth of 
the impact craters appears to be a function of the 
hardness i.e. more material is displaced in the softer 
valves resulting in increased surface deformation. 
However it is not recommended that crater volume be used 
as an indication of wear because material may not 
necessarily be removed as a result of an impact but may 
be displaced . plastically to the crater ridges (76). 
Furthermore, the large particle size distribution in both 
the slurries produces a broad range of indentation, 
making a comparison of crater volumes very difficult 
(fig.7.10). 
Although considerably less wear occurs in finer slurries, 
the nature of the wear is such that it is more localized 
around the seating line than in the coarse slurries i.e. 
it develops a deeper seating groove which could result in 
premature failure due to subsequent flow erosion. 
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Fig.7.10 Showing a high density of small ii!1XIcts and a range of different impact crater 
diameters (tested in 200~ slurry, valve a~gle 60"). Note the rotational flow and 
the incorporation of the fractured quartzite and oxide surface as described by 
Levi (41). 
7.3 Valve Closure Velocity 
The higher wear with increased valve closure velocity for 
both the 6mm and 2001-Lm nominal particle size slurries, 
may be attributed to the larger component of impa~t 
force, since more kinetic energy is available (Ke=~mv ) 
per impact, resulting in greater penetration of the 
quartzite particles in the valve and seat, and 
consequently both · in greater depth and surface 
workhardening as illustrated in fig.6.26. This ultimately 
leads to greater material losses. Increasing the closure 
velocity from 1.3 to 1.9 mjs using the milled waste 
slurry, results in an increase of between 37 to 40 % in 
the wear loss at a specific gravity of · 1.7 gjcm
3 , 
depending on the poppet bulk hardness. Jahanmir (29) has 
shown that this wear rate is dependant on the depth of 
microvoid nucleation and crack propagation and hence on 
the velocity of impact. 
Furthermore, higher velocities are known to decrease 
abrasive wear resistance (54). Noel (61) has attributed 
this decrease in wear resistance at higher velocities to 
a deterioration in the materials dynamic properties as 
well as, greater particle loading and flow effects of the 
contacting particles. 
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7.4 Valve Angle 
The effect of valve angles on the impact and abrasive 
mechanism will be considered individually. 
7.4.1 Impact mechanism 
The increase in wear rates · ·with increase in valve angle 
can be explained on the basis of the tangential component 
of impact which causes deformation and wear ahead of the 
impacting particles, as illustrated in fig.7.11. 
The size of the tangential component of impact and hence 
the wear rate is determined by the angle of impact (9) 
i.e Lower angles of impact lead to greater extrusion of 
material compared to 90 degree impact angles, as shown in 
fig.7.11. A similar behaviour was observed by Bitter (10) 








Fig.7.11 The effect of particle impact angle on the magn i tude of the tangential force and 
the subsequent surface deformation. 
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Fig.7.12 Illustration showing the position of the valve poppet in relation to the seat or 
disc at different valve angles. 
From fig. 7.12 it is clear why impacts are predominantly 
normal on the seat irrespective of the slurry size or 
valve angle. From fig. 7.12 it can also be appropriated 
why more wear occurs at higher valve angles (to the 
vertical). The effect of impact angle is shown in 
figs. 7.13 to 7.15 for three different valves of 
comparative hardness tested under the same experimental 
parameters. 
Fig.7.13 Valve angle 45 degrees. (Tested in milled waste, closure velocity 1.9m/s, 
specific gravity 1.7g/cm3). 
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Fig.7.14 Valve angle 60 degrees. Note the cutting and deformation ahead of the quartzite 
particle (tested in milled waste, closure velocity 1.9m/s,.specific gravity 
1. 7g/crn3. 
Fig.7.15 Valve angle 75 degrees. Note the undercutting of the plastically deformed region 
ahead of the crater (tested in mill waste, closure velocity 1.9m/s, specific 
gravity 1.7g/cm). 
The apparent poor performance of the harder 45 degree 
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valve poppets_ (figs.6.7 and 6.8) may be attributed to 
microspalling of the hard material as a result of the 
high angles of impacts and hence the large normal 
component of impact i. e a 4 5 degree valve has a larger 
normal component of impact than a 60 or 75 degree valve 
as illustrated in fig.7.11. This is confirmed by the 
higher workhardening values found near the surface at 
lower valve angles (fig.6.27). 
Multiple impacts lead to the formation of subsurface 
micro-cracking and microspalling as shown in fig.7.3. 
Sare (74) suggested these subsurface cracks may develop 
and propagate during each impact cycle after fracturing 
of the inherently brittle carbide phase in the steel 
matrix as a result of shock waves which accompany impacts 
(fig.7.16). 
Fig.7. 16 A micro-crack intersecting the surface of a valve poppet. The crack appears to be 
growing progressively around surface obstacles. 
Jahanmir (29), suggests that the impacts and the 
accompanying workhardening results in a certain amount of 
subsurface strain with the subsequent .formation of cracks 
and production of wear debris as illustrated in fig.7.17 
and 7.18. 
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Fig.7.17 Subsuface cracking below the impact sites Note the entrapped quartzite particle. 
Fig.7.18 A cross section of a valve poppet showing a subsurface crack and the formation of 
exfoliations below impact sites. The micrograph shows the orientation and 
formation of two subsurface cracks (valve angle 45"). 
Evidence has clearly been found to support both these 
theories of crack formation. However, a third possibility 
may exist i.e a combination of the two theories. The 
subsurface strain which accompanies an impact may reduce 
the threshold stress required to nucleate cracks in the 
brittle carbides and hence aid the formation and 
propagation of these cracks. This would also account for 
the preferential formation of cracks directly below the 
impact i.e where maximum surface strain and impact stress 
occur (fig.7.18). 
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Although micro-cracking and micro-spalling are not 
exclusive to the 45 degree valves, they occur sooner at 
45° than at higher angles because of the larger normal 
component, which is responsible for the majority of 
subsurface strain directly below an impact. The onset of 
micro-cracking and micro-spalling in valves tested in the 
fine slurry (200J.Lm nominal particle size) at 45 degrees 
occurs sooner. This can be attributed to the fact that 
wear is almost completely an impact event in ·these 
slurries and thus very little energy is directed into the 
abrasion component and thus a large normal component can 
be expected. 
7.4.2 Abrasive mechanism 
As mentioned previously, the mechanism leading to metal 
loss appears to be predominantly abrasion for the milled 
waste slurry only. The abrasion mechanism is particularly 
severe at high angles to the vertical ( i. e. valve angle 
75 degrees), and progressively less severe at lower 
angles (i.e. 45 degrees). A similar effect was found for 
the corresponding seats. The increase in abrasive wear at 
high valve angles can be attributed simply to the the 
valve geometry. The gap between the seat and poppet is 
considerably smaller for a 75 degree valve than a 45 
degree valve, resulting in deeper gauging of the valve 
poppet and seat when particles are trapped between the 
surfaces. 
7.5 ·Seating line 
The formation of a seating line on the valve poppets 
(figs.6.11 and 6.12) may be almost entirely attributed to 
the impact mechanism. . Repetitive percussive loading 
results in the formation of a seating line at the valve 
interface. 
From Fig. 7.19 it can be seen that impacts are normal 
above the seat and oblique below. Although the seating 
line is found on poppets using the coarse slurry, it is 
particularly severe when testing with belt filter 
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Fig.7.19 Showing the formation of a seating line. 
7.6 cumulative wear loss 
An interesting trend, irrespective of the slurry 
constitution, ·valve closure velocity or valve angle, is 
that the contribution by the valve poppet to the total 
wear loss of the system i.e. the cumulative loss of the 
poppet and seat, usually increases as the poppet hardness 
decreases in relation to the seat. The notable exceptions 
were the 7 5 degree valves tested in milled waste, which 
shows accelerated abrasion of the seats due to the 
geometry of the valve. 
In an attempt to understand why the seat's contribution 
to the cumulative wear should generally decline or 
conversly the poppets contribution to the cumulative wear 
should increase as poppet hardness decreases, two 
hypothetical valve couples will be considered for a given 
impact load. 
As the valve closes there is an equal but opposite 
reaction on both the poppet and seat. When the poppets 
hardness (Hh) marginally exceeds the seats hardness (Hs) 
i.e. Hh > Hs, the probability of penetration by the 
quartzite particle ~s equally likely on both wearing 
surfaces (fig.7.20). However, if the poppet hardness (Ht) 
of the valve couple, is considerably lower than that of 
the seat hardness (Hs) i.e. Ht << Hs, the probability of 
penetration by the quartzite during impact will be much 
greater on the poppet than the seat due to the lower flow 
stress of the material (fig.7.21). The net effect will be 




relative to the poppet will decline at lower poppet 
hardness values, as illustrated in fig.6.9 and 6.10. 
It can be seen from figs.7.20 and 7.21 that although the 
ability of the valve couple to absorb energy is 
considerably- greater at a lower poppet hardness value, 
this increase is offset by a reduced poppet flow stress 
which results in greater penetration of the surface and 
hence greater wear rates. 








However, it would appear from the results, that the rate 
at which the poppets contibution to the cumulative loss 
increases, is unique in each valve system, and depends 
strongly on the complex interaction of the different 
operating parameters. It is this complex interaction 
between the valve couple and the operating environment 
which determines whether the valve system _ shows a 
moderate decline in cumulative wear at poppet hardnesses 
between 450 and 550 HV30. 
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8. CONCLUSION 
The following conclusions have been reached in this study: 
1. The wear of the poppet valve is dependant on hardness, 
slurry size, slurry concentration, valve closure velocity 
and valve angle. 
a) Valve poppets perform better at higher hardness values 
irrespective of slurry constitution, valve closure 
velocity and valve angle. 
b) A transition point on a relative hardness versus wear 
loss curve for valve poppets was identified at Ha/Hm~l.9 
for the 6mm nominal particle size slurries. This 
transition point remains the same whe~ the specific 
gravity is increased from 1.7 to 1.9 g/cm . 
c) Coarser slurries (milled waste) result in much greater 
weight losses than finer slurries (belt filter tailings) 
on both the poppet and seat. 
d) Increasing specific gravity (concentration) results in 
more wear by both the belt filter tailings and milled 
waste slurries. The increase in wear is particularly 
severe in the softer valves at higher concentrations. 
e) The lowest wear occurs at the lowest closure velocity 
i.e. the valves suffer the least wear at 1.3m/s for both 
the 200~m and 6mm nominal particle size slurries. 
f) A significant increase in the wear loss appeared to 
occur at closure velocities exceeding 1.7 m/s for a 
relative hardness in excess of 1.79 in coarse slurries. 
g) For valve poppets tested in the coarse slurry, the 
lowest wear occurs at a valve angle of 45 degrees and 
~he highest at 75 degrees, with the exception of valves 
harder than 550 Vickers. These valves experience their 
lowest wear at a valve angle of 60 degrees. 
h) For valves poppets tested in the fine slurry, the lowest 
wear occurs at a valve angle of 45 degrees and the 
highest at 75 degrees, with the exception of valves 
harder than 450 vickers. These valves experience their 
lowest wear at a valve angle of 60 degrees. 
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2. The general mechanism of wear was found to be a combination 
of high stress three body abrasion and impact wear. The 
mechanism of wear was found to be a function of the valve 
hardness, slurry size, slurry concentration, valve closure 
velocity and valve angle. 
a) Valves tested in the 200~m nominal particle size slurry 
suffered mainly. impact wear on both the poppet and seat~ 
b) Valves tested in the 6mm nominal particle size slurry 
suffered a combination of abrasion and impact wear on 
the seat and poppet. 
c) The transition from a cutting to ploughing wear mode 
manifests itself in a change in the shape of the mass 
loss versus hardness curve for the coarse slurry. 
d) Deformation and cutting wear as a result of oblique 
impacts on the poppet valve were found to be responsible 
for the high wear loss at high valve angles i.e. 75 
degrees, particularly in the fine slurry. Severe 
abrasive wear was also found to be responsible in the 
coarser slurry because of geometrical constraints 
between the valve poppet and seat. 
e) The apparent poor performance of the hard 45 degree 
valve poppet may be attributed to the microspalling of 




The effect of corrosion on the valve and any possible 
synergistic effects have not been investigated but should be 
considered in the final valve material selection. Based on the 
findings of this study, service life may be extended up to 
100% if the following recommendations are adhered to: 
1. Valve angle should be maintained at 60 degrees. 
2. Finer slurries and lower specific gravities should be 
pumped. However in reality, specific slurry consistencies 
are pumped to develop optimum strength during backfilling, 
with the result that valve wear is of secondary importance 
in these instances • 
3. The . closure velocity should be reduced. To prevent a drop 
in the tonnage pumped, an hydraulic controller could be 
used to slow the valve down just prior to impact, thus 
maintaining the pumping rate. 
4. A valve poppet with a through hardness in excess of 600 
Vickers should be used with a corresponding seat or disc 
with a through hardness in excess of 600 Vickers. The 
suitable material should also exhibit good corrosion 
resistance in South African mine waters. 
Until recently, the service-life of a disc poppet valve in 
reciprocating slurry pumps in South African gold mines has 
been between 30 and 40 hours. The considerable financial 
losses incurred as a consequence of this downtime led to the 
initiation of this project. In an attempt to access the 
results, a suction valve consisting of a poppet (650 HV30) and 
a seat (600 HV30) made from BS 817M40 was installed in a pump. 
At the time of compilation of this thesis, the valve had been 
in service for 112 hours. This shows adequately that the prime 
objective of this work, to recommend a suitable material which 
will extend the service life has been realized. 
It is considered that even greater improvements can be 
achieved if the material hardness can be extended beyond those 
hardnesses used in this work, which is in agreement with 
Fehn ( 19). The use of hard inserts such as ceramics may also 
increase valve life (45). 
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APPENDIX A : FLOW CALCULATIONS 
Calulations to determine the solid flow rate through the test 
cell 
The time taken for a container of known volume to fill with 
slurry to a predetermined level was recorded for specific 
gravities of 1.7 and 1.9 gjcm3 These specific gravities 
representing concentrations of 65 and 75 % solid respectively 
(fig.19). 
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Volume of the Container 
The volume of the container may easily 
3 
be calculated if the 
density of water is assumed to be 1 gjcm • 
mass of container and water 
mass of the container 
mass of the water 





Specific Gravity 1.7 q/cm3 
average time to fill container Xt1= 2.186 sec 
if the volume = V 
The slurry flow rate = v;xt1 = V*0.457 cm3;sec 
but 65% of the slurry is solid . 
therefore flow rate of the solid = V*0.457*0j65 
= 0.297V em jsec 
Specific Gravity 1.9 q/cm3 
average time.to fill container xt2 =2.538 sec 
container volume = V 
The slurry flow rate = v;xt2 = V*0.3956 cm3;sec 
but 75% slurry is solid (fig.l) 
therefore flow rate of the solid = V*0.396*0.75 
= 0.297V cm3;sec 
Therefore the same volume of solid flows through the valve 
but at different flow velocities. 
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APPENDIX B : TESTING PROCEDURE 
The testing procedure described below, was developed to 
minimize pipeline blockages during testing. 
1. Clean the valve poppet and seat ultrasonically in alcohol 
and weigh, prior to testing. 
2. Switch the compressor on. Periodically open the compressor 
tap to release condensate. If this is not performed, 
"jerky" reciprocation may occur during testing. 
3. Clean the test cell with the air hose, prior to fitting 
the poppet and seat. Fit the-seat 0-ring and the cello-
ring. Clamp the test cell closed and attach the rubber 
inlet hose using the hose clamps. 
4. Open and close the valve manually to ensure there are no 
obstructions in the test .cell, and ensure the pneumatic 
exhaust is on before switching the air delivery on. 
5. Turn the supply water line on a~d ensure the test valve is 
open. This is usually automatic. 
6. Start the rotary agitator and the mixer pump. If the 
agitator motor labours, provide additional agitation with 
the aid of the air lance by probing the slurry. 
7. One problem that materialised was that it was necessary to 
"wet" the pipeline before a high concentration slurry 
could be pumped along it. This was achieved by pumping 
water or dilute slurry ahead of the concentration slurry. 
Isolate the test cell circuit with the aid of the valve on 
the test cell line. Turn the water supply on allow it to 
flow through the by-pass pipeline. Turn the peristaltic 
pump on, slowly open the slurry supply tank valve. This 
releases slurry into the flow. Reduce the water flow 
simultaneously until only slurry from· the supply tank is 
feeding the pump. · · 
8. Slowly open the isolation valve and allow the slurry to 
flow through the test cell as well. This should be 
performed carefully because it is at this point that the 
slurry usually becomes hydraulically unstable. 
9. For the coarse slurries (6mm nominal particle size), 
regulate the concentration by allowing the excess water to 
flow out of the slurry tank. The addition of fresh water 
to the fine slurry (200~m nominal particle size) is 
minimized to avoid losing the finely suspended slurry 
particles. 
10. When the desired slurry concentration or specific gravity 
has been reached, begin the test i.e. cycling of the 
poppet valve. 
- IV -
11. On completion of a test, the flow must be returned to 
fresh water and the slurry supply tank valve must be 
closed. It is important to flush the system after each 
test. · 
12. Ensure the pneumatic circuit is off before opening the 
test cell. Remove the test specimen and clean immediately 
in· , alcohol, and weigh. 
13. In the event of a blockage, the following procedure is 
recommended. 
i) Stop the test valve cycling. 
ii) Determine which line is blocked. 
iii) If the test cell pipeline is blocked, isolate it with the 
aid of the pipeline valve and then flush the pipeline 
using the fresh water supply, without stopping the bypass 
slurry flow. Restart the test once the blockage has been 
removed. 
iv) If the main pipeline is blocked, the entire system must 
be stopped and flushed before re-starting. 
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APPENDIX C : VALVE WEAR EXPERIMENTAL DATA 
Table 1: Valve wear test data, 6mm nominal particle size, specific 
gravity 1.7 gjcm3 , closure velocity 1.9 mjs and valve 
angle 60 o • 
. . 
VALVE POPPET SEAT HARDNESS TIME MATERIAL MATERIAL 
SET PUMPED LOSS LOSS RATE 
(HV30) (Min.) (grams) (gjhour) 
1 X 301 200 0.68 0.20 
X 602 200 0.60 0.18 
2 X 446 200 0.61 0.18 
X 602 200 0.85 0.26 
3 X 547 200 0.47 0.14 
X 602 200 0.78 0.23 
4 - X 614 200 0.44 0.13 
X 602 200 0.88 0.26 
5 X 652 200 0.32 0.10 
X 605 - 200 0.59 0.18 
Table 2: Valve wear test ~ata, 6mm nominal particle size., specific 
gravity 1.9 gjcm , closure velocity 1.9 mjs and valve 
angle 60°. 
. . 
VALVE POPPET SEAT HARDNESS TIME MATERIAL MATERIAL 
SET PUMPED LOSS LOSS RATE 
(HV30) (Min.) (grams) (gjhour) _ 
6 X 452 200 0.66 0.20 
X 602 200 0.88 0.26 
7 X 554 200 0.50 0.15 
X 602 200 1.29 0.39 
8 X 648 200 0.38 0.12 
X 605 200 0.90 0.27 
9 X 661 200 0.37 0.11 
X 605 200 0.82 0.25 
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Table 3: Valve wear test data, 200~m nominal particle size, 
specific gravity 1.7 gjcm , closure velocity 1.9 mjs and 
valve angle 60 o • 
. . 
VALVE POPPET SEAT HARDNESS· TIME MATERIAL MATERIAL 
SET PUMPED LOSS LOSS RATE 
(HV30) (Min.) (grams) (gjhour) 
10 X 301 200 0.40 0.120 
X 598 200 0.30 0.090 
11 X 452 200 0.39 0.117 
X 602 200· 0.34 0.102 
12 X 550 200 0.27 0.081 
X 605 200 0.29 0.087 
13 X 648 200 0.26 0.078 
X .598 200 0.29 0.087 
Table 4: Valve wear test data, 200~m nominal particle size, 
specific gravity 1.9 gjcm , closure velocity 1.9 mjs and 
valve angle 60°. 
. . 
VALVE POPPET SEAT HARDNESS TIME MATERIAL MATERIAL 
SET PUMPED LOSS LOSS RATE 
(HV30) (Min.) (grams) (gjhour) 
14 X 298 200 0.53 0.159 
X 598 200. 0.42 0.126 
15 X 457 200 0.46 0.138 
X 602 200 0.37 0.111 
16 X 638 200 0.32 0.096 
X 604 200 0.34 0.102 
17 X 652. 200 0.24 0.072 


















Valve wear test data, 6mm nominal particle size, specific 
gravity 1.7 gjcm3 , closure velocity 1.3 mjs and valve 
angle 60 o. 
. 
POPPET SEAT HARDNESS TIME MATERIAL MATERIAL 
PUMPED LOSS LOSS RATE 
(HV30) (Min.) (grams) (gjhour) 
X 652 200 0.20 0.060 
X 602 200 0.40 0.120 
X 618 200 0.21 0.063 
X 602 200 0.45 0.135 
X 550 200 0.34 0.102 
X 598 200 0.59 0.177 
X • 459 200 0.36 0.108 
X 594 200 0.45 0.135 
Valve wear test data, 6mm nominal particle size, specific 
gravity 1.7 gjcm3 , closure velocity 1.7 mjs and valve 
angle 60°. · 
. .. 
POPPET SEAT HARDNESS TIME MATERIAL MATERIAL 
PUMPED LOSS LOSS RATE 
(HV30) (Min.) (grams) (gjhour) 
X 666 200 0.29 0.087 
X 598 200 0.60 0.180 
X 614 200 0.30 0.090 
X 598 200 0.68 0.204 
X 543 200 0.40 0.120 
X 602 200 0.53 0.159 
X 454 200 0.46 0.138 
X 602 200 0.64 0.192 
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Table 7: Valve wear test data, 200~m nominal particle size, 
specific gravity 1.7 gjcm , closure velocity 1.3 m/s and 
valve angle 60° • 
. . 
VALVE POPPET SEAT HARDNESS TIME MATERIAL .MATERIAL 
.SET PUMPED LQSS LOSS RATE 
(HV30) (Min.) (grams) (gjhour) 
26 X 639 200 0.16 0.048 
X 602 200 0.17 0.051 
27 X 550 200 0.17 0.051 
X 610 200 0.20 0.060 
28 X 439 200 0.18 0.054 
X 598 200 0.17 0.051 
29 X 302 200 0.20 0.060 
X 602 200 0.24 0.072 
Table 8: Valve wear test data, 200~m nominal particle size, · 
specific gravity 1. 7 gjcm , closure velocity 1. 7 mjs and 
valve angle 60°. 
0 . . 
VALVE POPPET SEAT HARDNESS TIME MATERIAL MATERIAL 
SET PUMPED LOSS LOSS RATE 
(HV30) (Min.) (grams) (gjhour) 
30 X 639 200 0.21 0.063 
X 602 200 0.28 0.084 
31 X 550 200 0.25 0.075 
X 606 200 0.28 0.084 
32 X 449 200 0.30 0. 090. 
X 606 200 0.34 0.102 
33 X 304 200 0.33 0.099 
X 594 200 0.32 0.096 
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Table 9: Valve wear test ~ata, 6mm nominal particle size, specific 




VALVE POPPET SEAT HARDNESS TIME MATERIAL MATERIAL 
SET PUMPED LOSS LOSS RATE 
(HV30) (Min.) (grams) (gjhour) 
34 X 644 200 0.35 0.105 
X 602 200 0.60 0.180 
35 X 554 200 0.37 0.111 
X 610 200 0.52 0.156 
36 X 454 200 0.54 0.162 
X 606 200 0.70 0.210 
37 X 314 200 0.61 0.183 
X 602 200 0.64 0.192 
Table 10: Valve wear test data, 6mm nominal particle size, 
specific gravity 1.7 gjcm3 , closure velocity 1.7 mjs and 
valve angle 75°. 
. . 
VALVE POPPET SEAT HARDNESS TIME MATERIAL .MATERIAL 
SET PUMPED LOSS LOSS RATE 
(HV30) (Min.) (grams) (gjhour) 
38 X 644 200 0.38 0.114 
X 606 200 0.82 0.246 
39 X 543 200 0.51 0.153 
X 598 200 0.80 0.240 
40 X 454 200 0.62 0.186 . 
X 598 200 0.82 0.246 
41 X 317 200 0.73 0.219 
X 602 200 1.10 0.330 
' 
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Table 11: Valve wear test data, 20~~m nominal particle size, 
specific gravity 1.7 gjcm , closure velocity 1.7 mjs and 
valve angle 45°. 
. . 
VALVE. POPPET SEAT HARDNESS TIME MATERIAL MATERIAL 
SET PUMPED LOSS LOSS RATE 
(HV30) (Min.) (grams) (gjhour) 
42 X 639 200 0•28 0.084 
X 610 200 0.27 0.081 
43 X 554 200 0.30 0.090 
X 602 200 0.36 0.108 
44 X 452 200 0.32 0.096 
X 606 200 0.39 0.117 
45 X 229 200 0.34 0.102 
X 602 200 0.30 0.090 
Table 12: Valve wear test data, 20~~m nominal particle size, 
specific gravity 1.7 gjcm , closure velocity 1.1 mjs and 
valve angle 75°. 
. . 
VALVE POPPET SEAT HARDNESS TIME MATERIAL MATERIAL 
SET PUMPED LOSS LOSS RATE 
(HV30) (Min.) (grams) (gjhour) 
46 X 639 200 0.33 0.099 
X 602 200 0.45 0.135 
47 X 547 200 0.35 0.105 
X 606 200 0.45 0.135 
48 X 452 200 0.40 0.120 
X 590 200 0.49 0.147 
49 X 295 200 0.51 . 0 .1'53 
X 602 200 0.40 0.12·0 
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APPENDIX D : SPECIMEN GEOMETRY - POPPET VALVE 
,. I 043 1 +> I 







Dimensions in millimeters Scale 1:1 
. . 
e t w do di 
45° 3 17 100 40 
60° 3 17 100 40 
75 ° . 0 17 93 40 
'. 
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THE WEAR OF VALVES IN SLURRY PUMPS 
S.H.D. Joffe and C. Allen 
Department of Materials Engineering 
University of Cape Town 
South Africa 
Disc poppet valves which are similar to those used in reciprocating slurry pumps 
have been subjected to a laboratory wear test in quartzitic slurries which 
simulates actual working conditions. Wear has been studied as a function of 
valve hardness, valve closure velocity, slurry density and valve angle. It has 
been shown that large decreases in the wear rate can be achieved by control of 
operating parameters. An explanation for such behaviour has been made based on 
the mechanisms of impact and abrasive wear, which predominate during operation 
of the valves. 
INTRODUCTION 
The Chamber of Mines Research Organization (COMRO) is currently developing· 
backfilling systems for use in deep level South African gold mines. One type 
of backfilling system involves the return of comminuted waste rock, by hydraulic 
transport, to the working face or stope to provide underground support, so 
improving mining conditions. 
The comminuted waste rock consists primarily of quartzite which has been crushed 
to a diameter of 6 mm and 1 es s (fig. 1). Water is then added to the crushed 
rock to produce a slurry containing approximately 80 per cent solids. The 
slurry is pumped at high pressure and low velocity for distances of over a 
kilometre. 
Positive displacement or reciprocating pumps, originally designed to pump 
concrete, are typically used to pump backfill slurries. The valve assembly of a 
reciprocating pump is illustrated in fig. 2. It is a hydraulically driven 
twin-cylinder pump. The two pumping pistons reciprocate, i.e. while one piston 
draws in fresh slurry, the other piston pushes the medium into the pressure 
line. The slurry flow is controlled by means of disc poppet valves. 
Each pumping cylinder has one suction and one pressure or delivery valve. The 
poppet valves are actively controlled, being operated in such a manner that on 
the side of the intaking piston the suction valve is opened and the pressure 
valve is closed. During the pumping stroke the suction valve is closed and the 
pressure valve open. At the end of a stroke, reversal of the valves ideally 
takes place in such a way that the formerly open valves are closed before the 
closed valves are re-opened. 
Although similar pumps are used abroad to pulJll backfill (1,2) it would appear 
that the service life of valve bodies and discs in pumps used to transport South 
African backfill slurries .is considerably lower due to the highly abrasive 
nature of the quartzite slurry. Experience to date has shown that fai 1 ure of 
the valve poppet and seat can occur after only 30 hours, corresponding to 700 
tonnes of dry solids (3). A valve is usually classified as a failure when an 
- XIV -
excessive loss in pumping pressure occurs due to improper sealing of the worn 
valve. The delivery or pressure valve reportedly wear much faster than the 
suction valves. One example of such a valves failure can be seen in fig. 3 
where both abrasive and erosive wear is evident. 
Particles are trapped between the valve and its seat on valve closure. The hard 
quartzite particles indent the valve material leading to surface deformation and 
material removal. With progressive wear, the valve is unable to seal 
completely. Any uneven wear, coupled with the high differential pressure across 
the valve, causes slurry to flow rapidly through the gap which forms, resulting 
in flow erosion of the valve material. 
This paper is an attempt to establish the important operating parameters 
controlling the life of disc poppet valves in pumps used for the transportation 
of quartzite slurries, through an investigation of operating parameters and 
valve design, and to correlate the valve wear resistance with microstructural 
parameters. The overall objective is to suggest modifications to the design of 
reciprocating or positive displacement pumps to maximise wear resistance. 
EXPERIMENTAL PROGRAMME 
Test Rig 
Ideally the wear behaviour of materials should be monitored in-situ. However, 
it is not always practical or feasible to mount such an operation and as a 
consequence laboratory tests which attempt to simulate the real operating 
conditions are preferable to field tests. In the present instance, it was 
considered that a laboratory rig could successfully reproduce the in-situ 
working conditions and allow process variables such as valve closure velocity, 
slurry constitution and valve design to be altered. Consequently a laboratory 
rig was built in which full size valves could be tested under similar operating 
conditions and slurry densities as pump valves operating in the gold mines. A 
diagram of the rig test cell is shown in fig. 4. 
A peristaltic pump delivers fresh slurry from an agitated supply tank to the 
test cell at a predetermined constant flow rate. The closed loop system allows 
the slurry to be cycled continuously for the duration of the test~ Fresh slurry 
is used for each complete test. 
In order to ensure that the slurry conditions during testing were kept 
relatively constant a slurry degradation test was performed in which slurry was 
pumped continuously through the working system for a period of eight hours. 
Samples were taken at regular intervals and examined for shape and size changes. 
The slurry degradation test over a continuous period of eight hours showed that 
there was little alteration in the morphology and size distribution of the 
quartzite particles. A sample taken initially was compared to a similar sample 
which had undergone testing. Several different size ranges were analysed from 
63 m to 6 mm. No substantial changes in the morphology of the particles were 
observed except for a slight blunting of the cutting edges for the large 
particles. Typical results are illustrated in figs. 5 and 6. Similarly the 
particle size fractions did not change substantially during the eight hour 
period other than a small discrepancy for particles less than 0.5 11111 (fig. 1). 
This discrepancy was considered to be due to sampling technique or to the 
possibility that part of these fractions were washed away prior to the system 
being closed at the beginning of the test. 
A pneumatic control 
velocity, the number 




system permits easy adjustment of the valve closure 
of impacts and the frequency of impacts. A LVDT in 
asci 11 oscope was used to determine these process 
A medi urn carbon, 1 ow a 1 l'oy stee 1 conforming to BS 817M40 was se 1 ected as the 
disc poppet valve and seat material. The chemical analyses are shown in 
Table 1. In practice a surface hardened steel is used for the valve and seat 
material. However, it was considered that the through hardening steel BS 817M40 
would provide more controllable and consistent material properties throughout 
wear testing. 
Heat Treatment 
Following machining, the valve components were heat treated in an air muffle 
furnace. Decarburisation of the surfaces was minimised by the use of ceramic 
paste and by employing dry nitrogen gas flowing through the furnace. The 
components were austenitised at 850"C for thirty minutes and quenched into oil. 
Afterwards the valves were tempered for one hour between 100"C and 450"C to 
achieve a range of hardness values between 650HV30 and 450HV30 respectively. 
Typically the surface hardness of carburised steel valves was approximately 
700HV30. All the valve seats were tempered for one hour at 200"C to give a 
hardness of approximately 600HV30. 
Hardness Testing 
Bulk hardness testing of the valves was carried out on a Eseway hardness machine 
using a load of 30 Kg. 
Microhardness measurements on quartzite samples were made using a Shimadzu 
microhardness tester and a load of 500 g. Prior to indentation the mounted 
quartzite particles were coated with a thin film of gold palladium. The 
reflectivity of this surface facilitated the identification and measurement of 
the resultant impression. The hardness of the slurry particles was found to be 
1168 ± 90 on the Vickers hardness scale. The variation in hardness arises from 
the various phases and minerals which constitute a single slurry particle. 
Wear Testing 
Wear testing was carried out using 6 mm diameter comminuted waste guartzite 
particles with a diameter of 6 mm and less at densities of 1.7 gcm-3 and 1.9 
gcm-3. Tests were conducted for closure velocities from 1.3 ms-1 to 1.9 ms-1, 
valve angles from 45" to 75" (see fig. 12) and for four poppet valve hardnesses 
between 650HV30 and 450HV30. The fallowing parameters were kept constant for 
all the tests. 
i) 10 000 valve closures 
ii) cycling rate approximately 50 closures/min. 
iii) all tests in the vertical orientation (inlet or suction valve) 
iv) seat or disc heat treatment uniform i.e. 600±10 HV30 
v) pH range of slurry approximately 7.1- 7.5 
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Prior to testing the valve faces were polished lightly using 240 grit emery 
paper and weighed on a Mettler balance to an accuracy of 0.01 g. The mass loss 
was monitored at regular intervals during testing by removing the valve, drying 
and weighing. The reproducibilty of the test was found to be better than t5 per 
cent which was considered to be satisfactory for this type of testing. 
RESULTS 
The results of the wear testing carried out on poppet valves of varying 
hardnesses with change in valve angle and closure velocity are shown in figs. 
7- 10. In all cases the mass loss of the valve is reported for 10 000 cycles. 
Valve Hardness 
It is apparent that the mass loss in all tests is a function of material bulk 
hardness. As the hardness of the valve increases the mass loss decreases and 
the wear resistance increases. Fig. 7 indicates that the effect of bu 1 k 
hardness on wear resistance is not linear. At bulk hardnesses greater than 
600HV30 the mass loss, using the 1.7 gcm-3 slurry, is seen to decrease more 
rapidly with increase in hardness. This trend is not as significant with the 
higher density slurry (1.9 gcm-3). It is also noticeable that the mass loss for 
valves of similar hardness is higher when subjected to the higher density slurry 
despite the total throughput of solids being similar for both slurry densities. 
The sharp decrease in mass loss for valve hardnesses in excess of 600 HV30 can 
be seen more clearly in fig. 8 which is a log-log plot of mass loss against the 
relative hardness Ha/H, where Ha = slurry hardness and H = bulk hardness of the 
poppet valve. There appears to be an inflection on the relative hardness versus 
mass loss curve. At. a closure velocity of 1.9 ms-1 this tragsition is 
approximately 1.9 Ha/H for a slurry specific gravity of 1.9 gem- • At the 
higher slurry density a similar transition is found at a Ha/H value of 1.9 but 
is much less pronounced than for the lower slurry density of 1.7 gcm-3. 
Valve Closure Velocity 
The results of the valve closure velocity tests which were carried out for 
velocities of 1.3 ms-1, 1. 7 ms-1 and 1. 9 ms-1 for a slurry density of 1.7 gcm-3 
and at a valve angle of 60° are presented in fig. 9. It is clear from fig. 
9that increasing the valve closure velocity results in a greater mass loss for 
all valves regardless of relative hardness (Ha/H). The curves all display a 
transition in wear behaviour which appears to shift marginally at lower closure 
velocities to a higher relative hardness (Ha/H) value. 
Valve Angles 
Three valve angles, namely 45°, 60° and 75° were subjected to wear testing at a 
valve closure velocity of 1.9 ms-1 and a slurry density of 1.7 gcm-3. The 
results of the 6 mm comminuted waste tests are shown in fig. 10 for 10 000 
cycles. With the exception of the highest valve hardness i.e. 650HV30, all the 
valves show progressively more wear with an increase in valve angle and a 
decrease in hardness. The hardest valve appears to suffer slightly less wear at 
60° than at 45° or 75°. · 
Metallographic Examination 
Examination of the worn valves showed that generally wear had occurred solely 
around the seating line. There was no sign of significant wear on the majority 
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of the valve face. This seating line appeared to show three distinct wear zones 
as illustrated in fig. 11. 
Zone 1 consisted of relatively unworn valve material adjacent to the seating 
line. Zone 2 consisted of an area where the material has been deformed and 
displaced laterally leaving a deep groove. In contrast to Zone 2, Zone 3 showed 
definite signs of abrasive wear in which quartzite particles had ploughed out 
wear tracks. In addition there was evidence that impacting quartzite particles 
were also responsible for surface deformation in this area. The actual size of 
these zones was found to vary depending on the bulk hardness of the valve. 
Harder valves resulted in smaller zones. Zone 2 rarely exceeded 500 m in 
width, whilst Zone 3 was approximately 4 mm in width. 
DISCUSSION OF RESULTS 
Clearly, in order to interpret the wear data, an understanding of the wear 
mechanisms which operate during the pumping of slurries is a prerequisite. It 
is considered that the wear loss suffered by the valves is due primarily to 
impact with the quartzite particles and to three-body abrasive wear. 
As the valve begins to close rapidly, the larger particles in the slurry are 
trapped between the valve and the seat (fig. 12). The particles indent the 
valve surface and are crushed under the high load, resulting in impact damage to 
the valve. This zone of impact is confined to the seating line area. These 
impacts result in the formation of craters and material is extruded around the 
impacting particle causing work-hardening of the surface material. Multiple 
impacts eventually lead to microcracking and microspalling of the surface layers 
(fig. 13). 
As the gap between the valve and seat decreases further during closure, any 
trapped abrasive particles are forced to move across the valve and seat 
surfaces. This movement results in further deformation and/or mi crocutting of 
the metal surfaces through three body abrasive wear. · 
The proportion of wear damage in the present case appears to be mainly due to 
impact rather than abrasion since particles, because of the geometric 
configuration of the valve and seat arrangement, do not move great distances 
across the valve surface. 
This work has established that as the bulk hardness of the valve is increased 
the mass loss or alternatively the wear rate of the steel decreases, regardless 
of valve closure velocity, valv~ angle and slurry density. Furthermore, 
significant improverents in the wear resistance can be obtained at relati·ve 
hardness values in excess of 1.9. In the present instance where quartzite is 
the transported material, the hardness of the steel used in such valves should 
be in excess of approximately 600HV30. Such a result is in agreement with the 
work of Elkholy (4) who found a similar transition value for sand/water 
slurries. It also parallels the results of Richardson and other workers (5,6) 
on abrasive wear testing who found that for significant increases in wear 
resistance the hardness of the material must be greater than eighty per cent the 
hardness of the abrasive. 
This change in wear behaviour is believed by many workers to be due to a change 
in the abrasive wear mechanism with increase in hardness or loss of ductility 
(7). As the hardness increases, cutting wear becomes more prominent compared to 
surface deformation and ploughing which occurs for the softer materials. The 
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transition from ploughing to cutting wear manifests itself in a change in the 
shape of the mass loss versus hardness curve. 
Whilst in the present case the hardness of the mat.erial at the transition point 
is lower than that postulated by Richardson, the surface hardness is likely to 
be harder than the bulk. hardness as a result of work. hardening. Furthermore, 
Richardson•s work. was based mainly on the abrasive wear process whereas in this 
instance impact wear makes a significant contribution to the total mass loss. 
Increase in slurry density is also seen to increase the mass loss during 
testing. However, the effect on wear rate by changing the slurry density is 
not as pronounced as changing the valve hardness. Whilst the volume of solids 
flowing through the test cell did not alter· with an increase in slurry density 
due to a drop in the flow velocity in these tests, more particles are likely to 
be trapped between the valve and the seat on closure, resulting in a greater 
number of impact points. This in turn will result in greater work. hardening 
rates and a greater loss of material. 
Similarly at higher closure velocities there is a greater component of impact 
force, greater penetration of the quartzite particles in the valve and 
seat,greater work. hardening and greater material loss as a result. Furthermore 
high velocities are known to increase abrasive wear (8). Since the majority of 
damage to the working components appears to be due to impact the design of the 
pumps should clearly allow for low closure velocities regardless of the initial 
hydraulic ram speed. 
The increase in wear rate with increase in valve angle can be explained on the 
basis of the tangential component of impact causing extrusion and deformation 
ahead of the impacting particle. Lower angles of impact lead to greater 
extrusion of material from the surface which can result in ductile tearing and 
greater loss of material than 90" impacts (fig. 14). Furthermore, such ridges 
are more easily removed through subsequent abrasive wear processes. Thus as the 
valve angle decreases from 75u to 45" there is a 10 per cent improvement in wear 
resistance for valves with similar hardness. 
Whilst it is difficult to quantify precisely the increase in valve life 
resulting from changes in operating parameters it is clear that significant 
improvements can be made by careful control of operating parameters. For 
instance, decreasing the closure velocity from 1.9 ms-1 to 1.3 ms-1 results in a 
50 per cent decrease in the mass loss for valves of similar hardness. Overall, 
it would appear that the life of disc poppet valves can be increased by at least 
100 per cent on the basis of the results presented in this paper. However, care 
must be exercised in interpreting such data in isolation from the total wear 
within the system. In this case the total wear involves both the poppet and the 
seat. No attempt was made to improve the performance of the seat through 
recourse to material selection or design parameters. Improvements to the life 
of the seat could well result in further improvements to the life of the valve 
itself. 
CONCLUSIONS 
Significant improvements in the life of disc poppet valves in reciprocating 
slurry pumps can be achieved through increasing material hardness, reducing the 
actual closure velocity, slurry density and valve angle. In the present work. it 
has been shown that at least 100 per cent improvement to the life of valves with 
simi 1 ar hardness can be achieved though careful assessment of and attention to 
the operating parameters. 
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FIGURE CAPTIONS 
1. Particle size distribution of quartzite slurry. {See fig. 4.6 in main 
text). 
2. Showing the valve assembly of a reciprocating slurry pump {after Schwing). 
{Fig. 1}. . 
3. A typical worn valve from a slurry pump showing both abrasive and erosive 
wear. {Fig. 1.1). . 
4. Diagram of the test cell showing the position of the valve poppet and seat. 
{Fig. 4.4). 
5. Showing as-received quartzite particles. {Fig. 4.7). 
6. Similar quartzite particle fraction as in fig. 4 after eight hours of 
testing. {Fig. 4.8). 
7. Showing the variati.on of mass loss with hardness of the valve ma.terial for 
two specific densities. 
8. Shows the change in valve mass loss with change in relative hardness 
{Ha/H). Note the inflection around an Ha/H valve of 2 for two specific 
densities. {Fig. 6.1). 
9. Showing the effect of valve closure velocity on mass loss with values of 
differing Ha/H valves. {Fig. 6.3). 
10. The effect of valve angle on the mass loss of valves with different 
hardnesses. {Fig. 6.7). 
11. Showing the wear zones around the valve seating line. {Fig. 6.13). 
12. Diagrammatic illustration of the sequence leading to wear of the poppet 
valve. (Fig. 7.1). 
13. Showing microcracking of surface layers in the impact zone. {Fig. 7.3). 
14. The effect of particle impact angle on the magnitude of the subsequent 
surface deformation. {Fig. 7.11). 
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